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Abstract 
Abstract 
The new generation of wireless and mobile communication systems have the ability to 
support multimedia applications as it is main feature. This quality has been achieved 
by the researchers who have turned their interest to the combination between two 
techniques, Orthogonal Frequency Division Multiplexing (OFDM) and Multiple - 
Input Multiple-Output (MIMO). 
There are several significant advantages of OFDM, such as the ability to support a 
high data rate for wide area coverage, robustness to multipath fading and a greater 
simplification of channel equalisation. These advantages render the employment to 
OFDM attractive for different applications such as IEEE 802.11, Wireless Local Area 
Networks (WLAN), European Telecommunications Standards Institute (ETSI) and 
terrestrial video broadcasting. However, OFDM suffers from a high sensitivity to non- 
linear distortion caused by components in the transmitter section, such as Digital to 
Analogue Converters (DAC), mixers and High Power Amplifiers (HPA). The output 
signal will suffer from intermodulation distortion resulting in energy being generated 
at frequencies outside the allocated frequency band, resulting in costly filtering after 
the nonlinear devices. In some cases the transmission power is lowered at the expense 
of increasing the Bit Error Rate (BER). 
The main advantages of the MIMO are increased system capacity (i. e. MIMO channel 
capacity scales linearly with respect to the minimum available transmitter and 
receiver antennas) and improved communication reliability. However, the maximum 
capacity that can be exploited in MIMO systems depends on a number of parameters 
observed at the receiver, such as the average received power of the desired signals and 
co-channel interference. Moreover, the multidimensional statistical behaviour of the 
MIMO fading channel is of utmost significance to system performance. 
This research tackles some of the issues that are raised due to the combination 
between MIMO and OFDM technologies, such as the Peak-to-Average Power Ratio 
V 
Abstract 
(PAPR) problem, and investigates the effect of the correlation coefficients on the 
MIMO system capacity. 
A competitive technique is proposed in order to tackle the PAPR. This technique 
gives significant results in reducing the PAPR compared with the conventional 
techniques, such as the clipping and Partial Transmit Sequence (PTS) techniques. 
After deriving a MIMO channel capacitance formula, a simple channel model was 
proposed to help in understanding the effects of the correlation coefficients on the 
system capacitance. From this model, the determinant of the correlation coefficients 
matrices is mapped between zero and one. Respectively, the correlation values from 
the worst case to the best case are mapped between one to zero. 
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Chapter One 
1. ]Introduction 
1. lBackground and Motivation 
Since the 19'h century, communication technology has experienced revolutionary 
changes. Communication consists mainly of letters, telegraphs telephones and fax 
machines. The recent evolution of mobile phones has improved connectivity. The 21' 
century started with the revolution in wireless technology for Internet applications and 
other data communication applications, again in order to improve connectivity (i. e. to 
be available at anytime or anywhere), and to satisfy user demand. 
The rapid growth in demand for mobile communication has led to an intensified 
interest in developing a new generation of wireless communication systems. These 
developments are aimed at increasing overall system throughput and improving 
network capacity to support high quality multimedia applications. Hence a larger 
bandwidth should be occupied, which will be limited by the equipment expense and 
by radio propagation at higher frequency ranges, and furthermore that the system's 
spectral efficiency should be improved to attain these aims. 
To achieve this level of quality, researchers have turned their interest into the 
combination of two powerful techniques, MIMO and OFDM. The MIMO technique is 
used to improve the overall wireless communication system's capacity [1], while 
OFDM is used to increase its resistance to channel effects [2,3]. 
In the early 1990s, research into information theory revealed that significant 
improvements in spectral efficiency can be accomplished by using multiple antenna 
technology at both ends. The functionality of the MIMO technique can basically be 
split into Space-Time Coding (STC) and Space Division Multiplexing (SDM). STC 
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improves the wireless communication system's robustness by sending the same data 
stream with different representations through the transmitter antennas. SDM increases 
the overall system's throughput by simultaneously sending different data streams on 
the different transmitting antennas. On the other hand, the main reason for selecting 
OFDM is its ability to deal with the multipath propagation present in the channel. 
Because of adding the multipath components together, a fading problem will appear 
which can severely distort the received signals. In OFDM, this problem can be 
mitigated, since the wideband fading channel is split up into multiple orthogonal 
narrowband flat fading channels. The ability to include a proper guard interval 
between subsequent OFDM symbols provides an effective mechanism to handle Inter- 
Symbol Interference (ISI) caused by severe multipath propagation. However, the 
major drawback of OFDM is its high Peak-to-Average Power Ratio (PAPR). If the 
added signals, in generating the OFDM symbol, are in phase with each other, then the 
Inverse Fast Fourier Transform (IFFT) will produce an OFDM symbol with high peak 
power. PAPR is defined by comparing the high peak power of the OFDM symbol to 
its average power. The following problems result in communication systems due to 
high PAPR 
significant spectral spreading and in-band distortion causing intermodulation 
among different subcarriers 
undesired out-of-band radiation 
quantisation noise, affecting the system's performance 
The combination of MIMO and OFDM techniques will raise some issues which need 
addressing, such as the variety of trade-offs between capacity capabilities and BER 
which result from the selected MIMO functionality. A proper channel model should 
be proposed to cover the best and worst cases of MIMO channel performance. 
OFDM is used to improve the system's robustness; but its main drawback limits the 
overall system throughput, since PAPR is linked with IFFT size (i. e. increasing the 
amount of data that will be transmitted as an OFDM symbol may cause higher 
PAPR). This deficiency can be mitigated by a number of techniques proposed for 
tackling PAPR problems. These techniques include amplitude clipping, clipping and 
2 
Chapter One. Introduction 
filtering, coding and multiple signal representation. As a general rule, these 
techniques achieve PAPR reduction at the expense of an increase in transmitted signal 
power, BER, data rate loss or computational complexity [4-7]. Therefore, a 
competitive technique should be developed to overcome the disadvantages of the 
conventional techniques and at the same time achieve very good PAPR reduction 
ratios. 
1.2Aim and Ohjectives 
The research is aimed at improving the capability of supporting the next generation 
high quality multimedia applications; attained by increasing the overall system 
throughput and reducing the effects of the multipath channel on system performance. 
The focal research questions that arise are: 
(1) How effective is the combination of MIMO and OFDM techniques, and what 
are the advantages of adopting such a hybrid technique? 
(2) How to address the effect of the MIMO channel components on MIMO 
systems overall capacity? 
(3) How to propose an improved technique to tackle the PAPR problem? 
The research objectives are; 
(1) Understanding MIMO technique functionality 
(2) Identifying the characteristics of the MIMO channel and the main effective 
parameters 
(3) Identifying OFDM as a modulation technique 
(4) Establishing a mathematical model for the proposed technique to tackle the 
PAPR problem 
(5) Characterising the structure of the MIMO-OFDM system using the proposed 
technique, Novel Technique to Reduce PAPR based on linear coding 
Techniques (NTRPT) 
(6) Demonstrating and validating the NTRPT-MIMO-OFDM system through a 
series of experiments, and evaluating the main concepts by conducting case 
studies into this system 
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1.3Scope of the Research 
The scope of the research is divided into two main areas, MIMO and OFDM. 
According to the research aim, MIMO technique functionality is determined by SDM, 
which is used to increase system capacity while in OFDM, the concern is with 
tackling the PAPR problem 
Thus, the research scope for the MIMO area has been delimited to 
i) deriving a MIMO channel capacity formula based on the correlation 
coefficients between the transmitted and received signals through different 
antennas 
proposing a distance based MIMO channel 
linking the BER with the SNR for some of the SDM algorithms, namely, 
Zero Forcing (ZF) and Minimum Mean Squared Error (MMSE) 
The scope of the research is determined for the OFDM area by proposing and 
validating a new technique based on linear encoders to reduce the PAPR problem. 
1.4Research Approach 
The adopted research approach consisted of the following main stages: 
(1) Identification of research questions (via intensive literature reviews) 
(2) Concept development 
(3) Mathematical modelling 
(4) Simulation and validation 
(5) Case studies 
(6) Future research 
The research study was initiated with a theoretical literature review. This review was 
conducted for the identification of specific research problem(s) for both MIMO and 
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OFDM techniques. It also served the purpose of identifying potential solutions for the 
identified problem(s). The focus was on understanding MIMO technology and its 
main advantages and disadvantages. More specifically, the research focused on the 
following areas: 
(1) concentrating on SDM techniques 
(2) understanding the effect of correlation coefficients on system 
capacity 
In OFDM, a new technique to tackle the PAPR problem is proposed. The technique is 
supported by a mathematical model and a simulation to be implemented in MIMO- 
OFDM systems. This stage was conducted continuously and in parallel with the other 
stages (from stage 2 to 5), throughout the period of this research. This was necessary 
in order to ensure that potential developments in related areas could be continuously 
fed back to the other activities throughout the research period. 
For the concept development stage, a conceptual structure was formulated to breaking 
the MIMO-OFDM system down into sub-blocks. These sub-blocks were employed to 
develop an adaptive structure allowing the MIMO-OFDM system to be compatible 
with different applications. A mathematical model for the proposed technique (Novel 
Technique to Reduce PAPR based linear coding Technique (NTRPT)) was 
established to create NTRPT-MIMO-OFDM system. 
In the fourth stage - simulation and validation, the mathematically achieved results 
have verified by performing a MATLAB based simulation. Firstly, the MATLAB 
results from this simulation were further validated by the Agilent signal generator and 
spectrum analyser (89600 Series Vector Signal Analysers). The verification process is 
based on the Signal Studio Toolkit. Secondly, the proposed technique was designed to 
be implemented to a Xilinx FPGA card for a demonstration and validation of the 
simulation results. 
In the last stage, findings were documented and applied (by simulation) to two main 
systems namely, Digital Video Broadcasting-Handheld (DVB-H) and the WLAN 
IEEE 802.1 In. A number of recommendations were made for future research and 
development. 
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1.5Thesis Outline 
This section gives a general overview of the chapters in the thesis. The content of this 
thesis follows a logical order, starting from the theoretical analysis of MIMO-OFDM 
and ending with simulation and validation of the research. The outline of this work is 
as follows: 
Chapter 2 is divided into three parts: an overview about MIMO technology, its 
functionality, advantages and disadvantages; the structure of OFDM, advantages and 
disadvantages of this technique and its merits as a transmitter and receiver; and the 
PAPR problem, its effects on OFDM technique's performance and the conventional 
methods to overcome this drawback. 
Chapter 3 presents a derivation of a MIMO channel capacity formula based on the 
correlation coefficients matrices. the findings of which formulate a distance-based 
MIMO channel model proposed to cover best and worst capacity cases. There is a 
further discussion of the SDM receiving techniques for linking the BER with the SNR 
for the proposed model. 
Chapter 4 presents a detailed description of the proposed technique, NTRPT, the 
mathematical derivation, the structure, and the simulation to verify the result of the 
mathematical derivation. 
Chapter 5 establishes a design for the structure and the signal model for the overall 
NTRPT-MIMO-OFDM system, concurrently, and performs a MATLAB simulation to 
check the performance of the proposed technique in MIMO-OFDM systems. 
Chapter 6 presents the validation process of the achievements in Chapters 4 and 5. 
This validation is based on verifying the achieved simulation's results by using the 
Agilent signal generator, spectrum analyser and Signal Studio Toolkit. The proposed 
technique was designed to be implemented by a Xilinx Field Programmable Gate 
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Array (FPGA) card in order to demonstrate and validate the results achieved from the 
simulation. 
Chapter 7 describes the results obtained from using the proposed technique in some 
real systems as case studies, such as DVB-H and IEEE 802.1 In. 
Chapter 8 draws conclusions and outlines some recommendations for future 
research. 
7 
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Chapter INvo 
2. The MIMO-OFDM and the PAPR Problem 
ZlIntroduction 
This chapter is divided into five sections. Section 2.2 gives an overview of MIMO 
technology, Section 2.3, which covers OFDM technique, and Section 2.4, which 
describes PAPR, one of the main OFDM problems. The chapter is summarised in 
Section 2.5. 
Z2M, ulflple-Input Multiple-Output 
The main advantages of using multiple antenna technology are an increase in system 
capacity and an improvement in the communication reliability as a result of the 
diversity gain. The capacity of MIMO channels scales linearly with respect to the 
minimum available transmitter and receiver antennas [8]. 
The MIMO channel model and the structure of the transmitted and received signals 
must both be taken into consideration when applying MIMO technology. The 
received signals vitally affect the maximum rate in a given bandwidth, whereas the 
transmitted signal structure strongly impacts on achievable system performance and 
capacity. Proposing a good MIMO channel model will therefore help in understanding 
the effects of channel components on system performance and capacity [9]. 
The effects of both the transmitted and received signals' structures have led to 
numerous developments of MIMO techniques. The proposed schemes can be divided 
into two groups, STC and SDM- These basic concepts have been fundamental to 
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various types of transmission schemes; respectively, they increase the robustness and 
performance of the communications system and improve the overall system data rate. 
An overview of channel modelling is given in Subsection 2.2.1, while Subsection 
2.2.2 describes the functionality of MIMO systems. 
2.2.1 The MIMO Channel 
To construct a multidimensional channel matrix, consider a wireless communication 
system with N transmitting (Tx) and M receiving (Rx) antennas to transmit different 
streams of data on different transmitting antennas. When a transmission occurs, the 
transmitted signal from the p-th Tx antenna might find direct or indirect paths in order 
to arrive at q-th Rx antenna by a number of reflections. This principle is called 
multipath [10]. 
MIMO channel is delimited for indoor purposes. Some aspects must be taken into 
consideration in this case, such as the slow movement of the objects, the large number 
of reflecting surfaces, the propagation loss characteristics resulting in a neglected 
Doppler effect, multipath fading, and an exponential loss over time for the received 
power. Depending on these aspects, the multipath fading channel could be modelled 
in a simple manner as a tapped delay with a fixed number of channel taps denoted by 
'TC. At the existence of either LOS or a specular component, the distribution of the 
channel will follow Ricean distribution, while it follows the Rayleigh distribution at 
the absence of both of them [9,10]. It is assumed that an exponentially decaying 
Power Delay Profile (PDP)1, with or without a specular component, is added to the 
first tap [11]. This results in a MIMO channel model as 
y(n) = Pd,, G(tc) x(n-tc). (2.1) 
where x is the transmitted data vector, y is the received data vector, Pd, denotes a 
normalisation factor related to the discrete-time PDP, n is the sampling index, G(. ) is 
the channel transfer matrix and tc is the number of the channel tap. 
' The power of the channel impulse response as a function of the time-delayr. 
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The different representations of channel characteristics must be taken into 
consideration. Starting from (2.1), in order to model the channel transfer matrix, the 
existence or absence of the LOS or specular components must be checked. A lack of 
strong LOS or specular path in addition to a large number of reflectors within the 
indoor environment (i. e. rich-scattering environment) results in Rayleigh fading. 
Choosing a V2 antennas spacing (where X is the carrier wavelength) leads to the 
assumption of having an independent and identically distributed (i. i. d) channel 
coefficients. 2.1 G(tc) is then defined as Giid(tc). The elements of this matrix are an 
i. i. d. circularly-symmetric complex Gaussian variable 2 with zero mean and unit 
variance, and an independent realisation of the entire channel taps tc, tc = 0,1... TC- 1. 
Each entry of Giid (tc) has uniformly distributed phase and Rayleigh distributed 
magnitude. After characterising G(tc), if the PDP is justified for the longer 
propagation delay paths, then these paths will arrive linearly later in time and will 
have a logarithmically-weaker energy. The PDP is characterised as an exponentially 
decaying ftinction with equidistant delays by the following equation [11] 
P, Ktc) = Pc,, exp(- 
tc, ), for a, >0 and 
tic 
= 0,1, ... ' TC- 1 (2.2) ctr 
where a. denotes a factor related to the delay spread and the sampling frequency, and 
P,,, represents a normalised channel gain with respect to the delays. From (2.2), it is 
apparent that if cc, equals to zero, the channel will have one tap at tc equal to zero, 
and consequently, the PDP will equal the total power. 
On the other hand, in the presence of a strong, or at least a direct, path between 
transmitter and receiver (i. e., the specular or the LOS components, respectively), the 
channel characteristics will change. In this case the channel characteristics will be 
modelled as a part of the MIMO channel impulse response first tap, which is 
considered as a Ricean distribution. The modified version of (2.1) will be as in [I I] 
2 say z, with zero mean and variance a2 is given by z-- x +jy with x and y being i. i. d zero mean real 
Gaussian variables with variance o-2/2. 
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G(tc) an, 
8KIGspec +, 8K2Giid(tc), fo r tc =0 (2.3) 
J6K2 G iid (tc), fo r tc = TC -I 
where Gp,, is the MIMO channel part related to the specular or the LOS component 
and can be defined as an A1xN matrix, an is a normalisation factor for the Gp,,, and 
&1 
9 
flK2 are factors related to the Riecan factor K which then equals to IF 
-K 
and 
FK '+: 
I respectively. 
The Ricean factor, K, is the energy ratio of the MIMO 
channel specular part to the MIMO channel scattering part. 
The channel gain in this case will be modified to contain the part of the Ricean 
distribution for the first tap, as follows: 
Pc ý Pdspec + Pdscatt (2.4) 
From (2.3), if K equals to zero, the model will be reduced to the Rayleigh fading 
channel model, which means that the distribution of the first tap in the channel does 
not presence of either LOS or a specular component. 
2.2.2 MIMO Systems Functionality 
According to the main goal of the research (improving communication systems' 
capacity to support higher quality multimedia applications), in addition to 
highlighting the crucial effects of the transmitted and received signal structure on 
achievable system capacity and performance, this section will cover the main 
characteristics of MIMO techniques. A literature search reveals much research into 
achieving good MIMO techniques to reach the best balance between complexity and 
performance. The proposed techniques can be divided into two main groups: STC and 
SDM. STC increases the robustness and performance of the communication system 
by coding over different transmitter branches, while SDM achieves a higher data rate 
by transmitting independent data streams on the different transmitter branches 
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simultaneously and at the same carrier frequency. For the purposes of the present 
research, SDM is the most interesting technique [12]. 
A general MIMO structure is shown in Figure 2.1 with N representing the number of 
transmitting antennas and M the number of receiving antennas. This figure presents a 
block diagram of the main processing tasks on the input data stream. These are 
channel coding, serial to parallel processing, and constellation mapping. 
The other part of the system is the receiver; whose complexity depends strongly on 
the Tx signal design. The detection process is performed over the spatial and temporal 
dimension. Without complexity reducing techniques, increasing the dimension size 
will exponentially increase the number of codewords. 
Receiver 
CD 
CD ý1 
0 
CD 
Coding --io. 0ý ; ýr+ 0 
----------- ---------------------------------------------- 
Fee db ack Inform ati on 
Figure 2.1: General MIMO system structure 
w 
The different MINIO algorithms that are mentioned in the literature could be classified 
as follows as in [13]: 
(1) The system is either open-loop or closed-loop 
(2) The transmitted signal is send over the temporal and spatial dimension 
(3) The coding process is either joint coding or per-antenna coding 
12 
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The first classification is made between two different types of systems: 
(1) Systems that do not adhere to the channel response's information at the 
transmitter (open-loop systems) 
(2) Systems that depend partly or fully on the channel information at the 
transmitter through the feedback mechanism (closed-loop systems). 
As shown in Figure 2.1, the feedback loop mechanism provides information for all 
system stages such as the coding rate, the constellation size, and the type of 
modulation. 
The second classification describes whether the transmission algorithms are applied 
over temporal or spatial dimensions. This can be determined by establishing which 
algorithm makes the best use of the diversity provided by a richly scattered channel. 
The spatial dimension is fully utilised in adding more redundancy to keep the data rate 
equivalent to a single antenna system, consequently increasing the system robustness. 
Techniques that exploit the spatial dimension to transmit the data consist of STC and 
SDM algorithms. The former generates the redundancy data through coding over the 
spatial and temporal dimension, while the latter exploits the spatial dimension by 
transmitting multiple data streams in parallel on different antennas. This group aims 
to achieve high data rates. In addition, hybrid schemes can be seen as a combination 
between transmitting diversity and spatial multiplexing. These schemes benefit from 
both robustness and data rate enhancement [ 12-14]. 
The classification process which depends on the coding stage can be categorised into 
two types: 
(1) If the coding process commences before the serial to parallel stage as 
shown in Figure 2.4, it is referred as the Joint Coding QC). 
(2) Per-Antenna Coding (PAC) denotes the coding process that commences 
after the serial to parallel stage. 
JC provides better performance than PAC, since the coding is performed over the 
spatial and temporal dimensions. While in PAC, the receiver architecture might be 
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less complex since the encoding process is separated over the temporal and the spatial 
dimensions [14]. 
2.2.2.1 MIMO Transmitter structure 
As mentioned earlier, the proposed techniques of MIMO transmitters can be divided 
into two main groups: STC and SDM. The following subsection discusses these two 
groups and identifies their differences. 
2. Z2.1.1 Space-Time Coding 
As mentioned before in Subsection 2.2.2, STC is performed over the spatial and 
temporal dimension to improve the system's robustness. In [15-17], the main 
concerns about the performance of coding criteria in two dimensions according to the 
analysis of the pairwise error probability are addressed. Rank, determinant and 
Euclidean distance criteria represent the basis of different space-time codes. These 
space-time codes could be split into Space-Time Block Codes (STBCs), Space-Time 
Trellis Codes (STTC), Space-Time Turbo Codes and Linear Dispersive Codes. 
The rank criteria tries to improve the diversity order by maximising the rank, r, of the 
codeword difference matrix over all possible codeword pairs, since the diversity order 
is given by rxM. The determinant criterion is concerned with increasing the coding 
gain. This gain is achieved by the minimum product of the nonzero eigenvalues of the 
codeword difference matrix and its Hermitian matrix over all distinct pairs of 
codewords. In addition, the Euclidean criterion is based on maximising the minimum 
Euclidean distance between any pair of codewords [ 17]. 
Space-Time Block Codes: 
The STBC encoder works on a block level. Assume that, an input symbol denoted by 
'D, y. ', from a real or complex constellation. This type of encoder maps the Dy into 
codewords C in the dimension NxNy,,,, where N denotes the transmit antennas and 
N, y.. denotes the symbol time instant. The coding rate for this process could be 
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calculated as Rcod = Dy,, INy,,,, Therefore increasing Dy.. per unit of time will improve 
the encoder rate. A STBC encoder's design must achieve two goals: to keep Rwd as 
high as possible and to obtain a robust communication link. The codes should 
therefore be designed to achieve these targets. Different studies in the literature show, 
however, that they cannot always be met simultaneously (18-21]. Different 
architectures of orthogonal STBCs can be summarised as follows 
(1) linear and non-linear complex design 
(2) linear and non-linear real design 
(3) suitability to the number of antennas 
(4) the extent to which this technique will make use of the available 
transmit diversity 
A special case from the efficiency point of view, the orthogonal STBC does not 
always make full use of available MIMO channel capacity. In addition, for the 
complex type, the coding rate drops below one in case of having more than two 
transmitting antennas [22-24]. Checking the functionality of the STBCs starts from 
[25], since the authors introduce a linear STBCs, which are called "Linear Dispersive 
Codes" in N>M domain of interest. Many of the codes need assistance from outer 
one-dimensional codes because they act like space-time mappers or interleavers. 
Alamouti and Jankiraman described one of the most popular orthogonal STBCs, 
which is called the "Alamouti scheme" for two transmit antennas [26,27]. The 
functionality of this scheme is clearly described in Figure 2.2. The two symbols s, and 
S2 are transmitted simultaneously on Txj and TX2. while the processed versions of 
these two symbols -S2* and sl* are transmitted on Txj and TX2 during the next symbol 
period. From the figure shown below, the signal at Rxq at time I and time 2 for both 
symbols can be expressed as shown in (2.5) [27]. 
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Figure 2.2: The Alamouti STBC scheme 
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Xq (2)) s2sI 
)ý 
hq2 n. (2) 
where nq(t) represents the additive noise at symbol time t, and hqp denotes the 
response of a flat fading channel between Tx,, and Rx,,. To produce the receive signals 
as a function of the channel matrix, (2.5) is analysed and multiplied by the left side 
Hennitian transpose of the channel gives: 
hq* I 
hq2 12)(S2I)+ h*ln +h n* (2) Xq (Ihql 12 
+ 
lhq2 qq 
(1) 
q2 2 (2.6) 
hI Xq (2) sh-h hq2 q( q2nq(') q, n2 
(2) 
From (2.6), it is easy to estimate the received signals by using Maximum Ratio 
Combining (MRC) 3 principle to be 
m hl*l hq2 
Jý 
Xq (1) M2 )+ m, h*lnq(')+h * (2) 
I= Y- Ih q1) 
12 
)ý S2 
Y- q q2n2 (2.7) 
q=i h hql 
)ýXq (2) 
(q=l 
p=l s q= h* -h q2 q2nq(') ql n) (2) 
3 In telecommunications, maximal-ratio combining is a method of diversity combining in which (a) the 
signals from each channel are added together, (b) the gain of each channel is made proportional to the 
rms signal level and inversely proportional to the mean square noise level in that channel, and (c) the 
same proportionality constant is used for all channels. It is also known as ratio-squared combining, pre- 
detection combining and selective combining. 
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Through this process, the Alamouti scheme can achieve a diversity order of 2M, 
depending on channel properties. Moreover, it can give an optimal trade-off between 
diversity gain and multiplexing gain in the case of M being equal to one [14]. 
Space- Time Trellis Codes: 
Despite the fact that STBC provides maximum diversity advantage using simple 
decoding techniques, it lacks coding gain. Tarokh in [15] introduced new codes that 
can afford a significant coding gain as well as the diversity gain and perforin well 
both spatially and temporally. Nevertheless, this advantage comes at the expense of 
the receiver complexity, which limits these systems to two, three, or four transmitting 
antennas. 
Figure 2.3 shows the trellis diagram of 8-state QPSK code and a possible design of 
the encoder to implement this code. 
Input 
State 
D2D, Do 
Output 
State 
D2DDo 
Outputs 
(RXI_RX2) 
000 000 00 01 02 03 , , , 
001 I 001 10,11,12,13 
010 'o 010 20 21 22 23 , , , 
Oil Oil 30,31,32,33 
100 100 22,23,20,21 
101 101 32,33,30,31 
1,, 110 02,03,00,01 
iii 111 12 13 10 II I , , ý 
transition 
(a) 
Encoder TXI 
(b) 
Figure 2.3: (a) The Trellis of the 8-state QPSK STTC proposed in 1151 and (b) Its mapping to the 
general block diagram 
Part (a) from this figure describes the 8-state QPSK code which is proposed by 
Tarokh. The input to the encoder consists of two bits at a time. The binary encoder 
12 
F 
17 
Chapter Two: MIMO-OFDM and the PAPR prohlem 
state is represented by D2DIDO and the two input bits results in four possible 
transitions per state. These four transitions result in four possible encoder outputs 
which are listed per input state. The outputs are denoted as a combination of two 
quaternary numbers that represent the QPSK symbol to be transmitted on Txj and 
TX2, respectively. Moreover, this type of coding has a complicated receiver [15]. 
The main two types of the space-time codes (STBC and STTQ will now be compared 
to the MIMO general structure that is shown in Figure 2.1. Starting from STBC, 
Alamouti scheme clearly does not fit directly due to that it needs modulated symbols 
as an input to the encoder. Redesigning the encoder to work at bit level, the 
modulation can be performed after the encoding. The architecture of the second type 
(STTQ which is shown in Figure 2.3 (b) obviously matches the general model 
without modifications. 
2. ZZI. 2 Space Division Multiplexing 
As a result of exploiting multiple antennas to improve the overall system 
performance, different streams of data could be transmitted on the different antennas 
at the same carrier frequency, which will affect efficiency by poor link reliability. As 
a result, additional channel coding must be used, although this will reduce its high 
data rate advantage. At the receiver side, the spatial sampling and corresponding 
signal-proccssing algorithms can guarantee the recovery process after they are mixed 
in transmission. This process, referred to as SDM, has an additional advantage over 
STC in that it has lower decoding complexity, especially for a relatively large number 
of transmitting antennas. This advantage is achieved because STC involves JC 
spatially and temporally in order to transmit the signal from various antennas, while 
the spatial and temporal coding in SDM can be separated. This is, however, achieved 
at the expense of performance degradation [28,29]. 
The coding stage in SDM consists of two procedures, JC and PAC. PAC, which is 
also called layered architecture coding introduced by [12], incurs a capacity penalty, 
since it uses'Bifferent propagation channels for the various antennas used. Thus, a 
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diagonally layered architecture was proposed (Diagonal Bell Labs Layered Space- 
Time (D-BLAST)) [22]. 
In D-BLAST, a stream of encoded symbols is sent on different Tx antennas by 
cyclically selecting another Tx antenna per symbol period as shown in Figure 2.4. 
This will guarantee that each stream of data will be sent through a different 
propagation channel within the MINIO channel. Despite the fact that eliminating the 
capacity penalty is the main advantage of this technique over those that do not use 
cycling, this technique incurs different decoding complexity. To simplify the 
decoding process, diagonal spatial mapping must be dropped. In this case, D-BLAST 
is converted to be Vertical-Bell Labs Layered Space-Time (V-BLAST). In V-BLAST, 
spatial mapping is changed from diagonal mapping into vertical mapping (i. e. per 
spatial vector) [22]. 
Irip-it I 
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Figure 2.4: Diagonal encoding or D-BLAST transmission technique 
2.2.2.2 MIMO Receiver Structure 
At the receiver stage, both linear and non-linear processing can be used, since the 
algorithm PAC (as defined in Subsection 2.2.2) adopts detectors that operate in the 
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spatial domain. ZF and MMSE algorithms are considered as linear processes, while 
Maximum Likelihood Detection is an example of a non-linear detector [27]. This 
subsection concentrates on giving a brief insight into linear processing techniques. 
ZZ2. Zl Zero-Forcing Technique 
The ZF technique is a linear MIMO technique based on linear combinational nulling 
technique uses a linear weighting process to cancel interfering terms from the 
received vector. It assigns each stream in turn as a desirable signal, while the 
remaining signal is assigned to be as an interfering one. To make use of ZF in the 
receiving process of a MIMO signal, the transfer matrix of the channel, H, must be 
assumed to be invertible. Thus, the estimated version of the transmitted MIMO vector 
a is given by [27] 
a,, t = H-1 b (2.8) 
where b is the received signal, based on the definition of the ZF, let the weighting 
matrix W be defined as: 
WH ý INg (2.9) 
The matrix W in (2.9) is the pseudo inverse of H (which is equal to (HHH)-'HH). The 
estimated vector, a, t, can be obtained by 
a,, t =Wb 
=a+ (HHH)-'HHn. 
At the final stage, the j-th component of a,,,, (a,,, )j, must be sliced to the nearest 
constellation point in order to decode the elements of a at the receiver. 
The next step is to calculate the perfonnance of the technique by expressing the 
probability of an erroneous decision between two different vectors. Starting with a 
definition of the conditional probability density function (pdo for a given H, and 
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assuming that a multivariate complex Gaussian distributed data is used, the pdf is 
shown as [27,28] 
p(a,,,, Ia, H) = det(7rQ)-lexp(-(a, ýt-a)HQ-l(ae, t-a)) (2.11) 
where Q is the covariance matrix of the estimation error with a multivariate complex 
Gaussian distribution, s=a,,, - a, which is given by 
E[c. e] 
CF2 n 
(HHH)-' (2.12) 
Proakis in [30] shows that the upperbound of the performance can be calculated 
starting from Pairwise Error Probability (PEP). Besides, assume that the modulation 
technique for the two different vectors that are mentioned early is the BPSK, besides 
having equal interfering areas (i. e., area under the tail of the pdf). Then the probability 
for which the receiver decides speciously is the k-th element of aj, (aj)k, while (ai)k U 
j) has been sent is given by [27] 
SK aBp 
Pr ((ai)k 2 
(2.13) -> (aj)kl H) ýQ 21 
BPSK 
where dy is the Euclidean distance between (ai)k and (aj)k is equal to l(ai)k-(aj)kl2. CYBPSK 
is the standard deviation and can be given by the clement-by-element basis from 
(2.12). 
ZZZ2.2 Minimum Mean Square Error Technique 
The MMSE technique is another example of a linear MIMO technique. It is based on 
choosing an appropriate function that will minimisc the mean square error (MSE) 
between the transmitted signal and the estimated one, thus the MMSE can be achieved 
as a result of substituting the function f(b) instead of the estimated received signal 
[3 1 ]. This process is clearly can be shown as follows 
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=E [(a-a,, t)H (a-a,, t)] 
E [(a- f(b))ff (a-f(b))] (2.14) 
Since the MMSE is an example of a linear MIMO technique and an exact function 
f(b) is hard to obtain, by choosing the f(b) as a linear processing of the received 
signal, and simultaneously minimising (2.14) this equation can be written as 
E [(a-a est)H (a-a,, t)] 
E [(a- Wb)H (a-Wb)] (2.15) 
In order to find suitable linear processing W to minimise (2.15), this equation can be 
rewritten by making use of A= tr 4 (cc H) and observing that the Qb is Hermitian 
5 and 
nonnegative as follows 
2= tr(E [(a- Wb) (a-Wb) H] 
= tr(Qa-QabW"ýWQba+WQbwH ) (2.16) 
tr(Qa - QbA71A WH_ W AýH (AHyl Qba+WAHAWH) 
tr(Qa - Qab A" (AH)-' Qba + (W AH- Qb A-) (W AH - Qab A")H) 
where matrix A can be defined as the square root of the covariance matrix Qb- It is 
obvious that to minimise (2.16), 
WA H_ Q,, b A-' = 0. Then 
Qb,, A-' (AH)-' ý Qba (Qb)-l 
From (2.17), the function that will minimise the MSE between the transmitted and the 
estimated signal depends on Qba and Qb- where Qba is equal to Q,, H 
H and Qb is equal 
to HQ,, H" + Q,, for the general MIMO model in Subsection 2.2.2. 
4 tr () stands for the trace of a matrix, i. e., the summation of the diagonal elements of the matrix. 
' The Hermitian transpose is the conjugate transpose of a matrix. 
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Z30rthogonal Frequency Division Multiplexing 
This section provides an introduction to OFDM transmission, providing all the 
necessary material to fully understand the proposed technique. Harada and van Nee in 
[2,3] give a comprehensive study on multicarrier and OFDM systems. 
Historically, OFDM was introduced in 1966 by Chang [32] but was originally hardly 
considered. Then due to its resistance to slow fading compared to Time Division 
Multiple Access (TDMA), and also to its simplicity of implementation, it has recently 
attracted growing interest. Its use was further increased due to the rapid growth in 
demand for wireless communication services such as live video transmission; mobile 
games; and various location-based services. These services require higher data rates 
compared to the data services (short message services) in the second generation (2G). 
In existing systems, data rates in excess of 1 Mbps are becoming available in the 
countries that use cdma2000, while Wideband Code Division Multiple Access 
(WCDMA) promises to provide up to 10 Mbps [33]. 
To satisfy the requirement for high data rates, various wireless technologies have been 
introduced to develop the existing 2G and third Generation (3G) cellular systems, and 
WLAN, which introduces future wireless communication systems such as beyond 3G 
(B3G) and includes 4G cellular systems. One of the main theoretical challenges is the 
bandwidth efficiency, which has a direct relationship to both the network and physical 
layers. Beside it could include powerful coding and modulation techniques, 
transmission adoption methods and antenna configurations [8,34]. 
For B3G, researchers have increasingly attempted to extend the services available 
through wired communication systems to mobile wireless systems. These attempts 
have raised eipectations that the development of broadband mobile communications 
is increasingly likely. For broadband multimedia mobile communication systems, it is 
necessary to use high bit rate transmissions of at least several megabits per second. 
The challenge is now to find novel solutions to counter the effects of transmitting 
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such a huge bit rate through a fading channel with considerable scattering. In addition, 
if digital data is transmitted at a rate of several megabits per second, the delay time of 
the delayed waves may exceed one symbol period. Delayed signals interfere with 
others, which negatively affect the signal. There are several ways to overcome' this 
drawback. For, example, using adaptive equalisation techniques at the receiver is one 
of the ways to equalise the received signal. However, in practice, achieving this 
equalisation at several megabits per second with compact and low cost hardware is 
quite difficult. One of the main effects of a mobile radio channel that is characterised 
by a multipath fading environment is the ISI. This outcome results from the delayed 
signals generated by the reflection, refraction or diffraction of the signal from terrain 
features such as trees, hills, mountains, vehicles, or buildings. The ISI causes a 
significant degradation of network performance. A wireless network must be designed 
in such a way as to minimise these adverse effects [1,2]. 
To overcome such environmental multipath fading effects and achieve a wireless 
broadband multimedia communication system, it is possible to use a scheme based on 
OFDM. An OFDM system consists of a parallel data transmission scheme that 
reduces the effects of multipath fading and renders the need for complex equalisers 
unnecessary. This technique is essential to future mobile communication systems and 
WLAN systems such as ETSI BRAN in Europe, IEEE 802.11 in the United States, 
and ARIB MMAC in Japan [8,34). This is the reason behind choosing the OFDM 
modulation technique over single carrier modulation. The orthogonality in this 
technique is maintained by adding a cyclic prefix with length greater than the 
expected delay spread that can be easily implemented by using IFFT [35]. 
2.3.1 OFDM Historical Background 
Chang in [32] expressed the basis for contemporary OFDM technique, initially by 
checking the possibility of transmitting a number of amplitude modulated signals 
through a band limited channel. The experiments concluded that main problem is to 
increase syst! ým throughput in order to reach the Nyquist rate (the theoretical 
maximum rate for any channel [36]). 
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The signals used in orthogonal-multiplexed systems, such as sinc 6 signals, are 
characterised by a wide frequency spectrum. However, these signals will cause an 
information distortion as a result of the filtering process, which occurs due to the 
transmission process through a band limited channel. To overcome these problems, 
Chang described a new type of signal - i. e., the band limited signals - without any 
distortion caused by transmission through such channels. Consequently, the ISI 
problem can be mitigated if the signals are correctly filtered. Also, depending on the 
number of symbols, he displayed whether or not the Nyquist rate can be achieved. 
This can be shown clearly from the following equation of overall throughput as [32]: 
R- 
2NsBW 
Ns +1 
(2.18) 
where R is the overall data rate, N, is the number of symbols used, and BW is the 
overall baseband bandwidth. 
Saltzberg in [37] tried to gencralise the proposed work of Chang in [32] by 
considering the importance of the transmission channel effects on the orthogonal 
multiplexed system's performance. He also analysed the effects of various channel 
deteriorations (such as the effect of phase offset, the introduction of delay distortion, 
and the results of adding amplitude distortion) on Chang's mathematical model. The 
result of this analysis was compared to the unimpaired model to be the first step 
towards the realisation of a practical, efficient and parallel channel digital 
communications system [37]. 
Two types of division multiplexing technique can be implemented in a parallel 
system: Frequency Division Multiplexing (FDM) and Time Division Multiplexing 
(TDM) system. As a comparison in accordance to the sensitivity toward wide-band 
impulse noise, the FDM system has an advantage over the TDM system [37]. 
Moreover, parallel transmission (FDM) avoids the dropping of the corrupted signal 
6 In digital signal processing and communication theory, the normalised sinc function is commonly 
defined by sinc (x) = 
sin(nx) 
Ax 
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since it adaptively drops out the corrupted signals. In serial transmission (TDM), if 
the stream is corrupted, it might disable the whole system. These advantages led 
researchers into an interesting area, that of the parallel transmission system. Chang 
and Gibby performed a realisation of parallel systems by analysing the performance 
of a parallel transmission system under selected channel impairments Oointly 
considering practical design factors such as timing error, subcarrier phase offset and 
non ideal filter characteristics) [38]. 
Generating a parallel data signal can be achieved by arrays of oscillators (sinusoidal 
generators). In order to achieve the Nyquist rate, Chang in [32] increased the number 
of parallel channels (2.18) provided. Therefore, in order to satisfy the criteria set 
down by Chang; a receiver would not be commercially viable. 
In 1969, this research area was reinvestigated with the discovery of the production of 
parallel data by using a Fourier transform. In [39] it was proved that the parallel data 
signal is similar to the passed serial data stream through a Fourier transform. 
Chang's work on this area was patented in 1970. He patented his theoretical model 
(due to technological constraints) as OFDM [40]. 
Following the work carried out in 1969 by J. Salz and S. Weinstein, a solution for the 
ease of generating a large number of subcarriers problems was suggested. This 
suggestion was based on a fact that parallel data signal is perfectly generated by 
applying the inverse of the Fourier transform on the original serial data. Concurrently, 
the demodulation process is attained efficiently by the Fourier transform process. 
Thus, the function of the modulation and demodulation process can be performed on a 
computer dedicated to performing the Fast Fourier Transform (FFT) and its inverse 
[41]. 
In [41], a modified version of the previous models [32,37,38] indicated that the 
sinusoidal components of the parallel data signal are truncated in the time domain. 
Due to this truncation process, the power density spectrum of the sinusoids consists of 
the squared sinc shaped spectra as depicted in Figure 2.5. It should be remembered 
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that the discrete Fourier transform is still efficient in extracting the data. The figure 
also shows a negligible overlapping of the spectra, and the peak of the (sinc(x))2 
signal occurs at the null of the other (sinc(x))2 signals. This characteristic ensures that 
no corruption will arise while orthogonality is attained by the correct adjustment of 
the tracing process. 
Furthermore, Weinstein and Ebert in [41 ] continued to analyse the proposed system 
under the effects of various channel distortions. The results of this work showed that 
linear distortion delayed each carrier differently. Consequently, the signal must be 
analysed when all of the subcarriers are present to overcome the effects of linear 
distortion. Also, it was concluded that their proposed method did not maintain the 
orthogonality as in Chang's system as well as only the real part of the Fourier 
transform was transmitted. 
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Figure 2.5: Overlapping the sinc(x) function spectra 
Based on the experiments perfon-ned in [42] it was concluded that the theoretical 
models proposed in [32,37,38] could possibly be transformed into a practical 
solution useful for commercial applications. Besides, the Digital Signal Processing 
(DSP) methods were being used to implement the N-point Fast Fourier Transform 
(FFT) where N is the number of subcarriers. 
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2.3.2 OFDM Basics 
Contrary to single-carrier modulation schemes, multi-carrier modulation ones support 
high data rate applications. A high-rate serial data is divided into low-rate parallel 
data which modulates a set of subcarriers. Another advantage over single-carrier 
systems is that signalling intervals are much larger than that of an equivalent single- 
carrier system, and consequently the time-dispersive effects of a multi-path fading 
channel can be easily and efficiently reduced without requiring complex time-domain 
equalisation techniques. 
2.3.2.1 OFDM Implementation 
Multi-carrier modulation schemes initially relied on conventional FDM technology to 
transmit information on multiple carriers. At the transmitter, the spectra of different 
sub-carriers were assigned to non-overlapping frequency slots, and at the receiver, the 
individual sub-channels were retrieved using filters [37]. 
A new modulation technique which could be considered as a multi-carrier 
transmission technique is OFDM. In OFDM, the data stream is transmitted using 
several carriers instead of using one carrier. This means that a large number of 
orthogonal overlapping narrowband subcarriers are transmitted in parallel. Due to the 
use of OFDM, an efficient use of the available transmission bandwidth is maintained. 
These orthogonal subcarriers can be produced by either a bank of oscillators [2,43] or 
by applying IFFT/FFT techniques on the transmitter/receiver [4 1 ]. 
Z3.2.1.1 Oscillator-Based 
The structure of an oscillator-based OFDM transmitter is shown in Figure 2.6. N 
consecutive complex data symbol modulates N complex orthogonal subcarriers which 
are then added and transmitted. The frequency separation between adjacent 
subcarriers is equal to the inverse of the signalling interval T, which is the minimum 
frequency separation required to achieve orthogonality between two complex 
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subcarriers over a signalling interval of length T [30]. For this frequency separation, 
there is a considerable overlapping between the spectra of the different subcarriers but 
the information can still be reliably recovered. An OFDM symbol is then given by the 
following figure [2] 
Input 
e(jwN-10 
Figure 2.6: OFDM signal generation 
After the summation stage and D/A converter, the output of the transmitter is 
oc N-1 
S(t)= Y- Y-di(k)exp(j2; Tji(t+, 8i)) (2.19) 
k=-oc i=O 
where di is i-th input data, f, (i=0,1, .... ) is the frequency of the ig, subcarrier 
given by f, and, 8 is initial phase on the subcarrier. For simplicity, let, 8 =0 and f= 
il(N Td). The discrete form of (2.19) is then 
N-1 I. 
S'[kTd]= Y- di' exp(j2, T kTd) 
i=O NTd 
s'[k] = IFFT(d') (2.20) 
where Td is the time duration of the i-th input data from the m-th data block, di'. It is 
well known that OFDM is very sensitive to frequency offset and phase noise that 
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causes Inter Carrier Interference (ICI). Accordingly, the orthogonality of subchannels 
in OFDM must therefore be guaranteed. This can be maintained by different methods 
such as by using time domain windowing [44]. The guard time and the windowing 
blocks are described later in Subsections 2.3.2.1 and 2.3.2.2. In a typical system, up- 
and down-conversion blocks would be presented at the transmitter and the receiver, 
respectively transforming the baseband signal to a bandpass signal and vice-versa. 
At the receiver, either the received OFDM symbol is correlated with a local version of 
each complex subcarrier or a Fourier transform version is evaluated at frequencies 
n1T, where n=0,..., N-1. Orthogonality demands that the correlation between any 
two different complex subcarriers is zero. Therefore, the correlation operation yields 
the infori-nation conveyed in each subchannel without any ICI [44]. 
2.3.2.1.2 IFFTIFFT-Based 
In [41 ], the authors have indicated that OFDM generation and detection can be 
achieved by employing an IFFT and a FFT at the transmitter and the receiver 
respectively. An oscillator-based OFDM system includes a bank of oscillators both at 
the transmitter and the receiver, and hence is hardware intensive. Thus the IFFT/FFT 
based implementation is highly preferable [4 1 ]. 
Referring to (2.20), the OFDM signal generation is shown in Figure 2.7. The OFDM 
symbol can be generated by conveying the IFFT of the input data in each subcarrier. 
Input ( 
Figure 2.7: IFFT based OFDM signal generation 
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In order to yield the continuous-time signal from the discrete-time signal, the required 
oversampling cannot be practically achieved by taking N samples per OFDM symbol. 
Figure 2.8 shows the spectrum of a nonoversampled IFFT output. It is obvious that a 
filter with a realistic passband-to-stopband transition region cannot be used to recover 
the continuous-time OFDM symbol from its samples. The solution is to increase the 
sampling rate to the m-Nyquist rate, where m is a positive integer number. Therefore, 
the zero padding technique is used to fulfil the required sampling rate, as shown in 
Figure 2.9 [2] 
-2NIT -NIT 0 NIT 2NIT 
Frequency 
Figure 2.8: Spectrum of a non-oversampled IFFT output 
-NIT (N-N')IT NIT NVT Frequency 
Figure 2.9: Spectrum of an oversampled I FFT output 
Essentially, N' >N point IFFTs/FFTs are used at the transmitter/receiver to 
generate/detect an N subcarrier OFDM symbol. Upon OFDM generation the last N'-N 
IFFT input values are set to zero, and upon OFDM detection the last N-N FFT output 
values are discarded. 
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2.3.2.2 Guard Time (Cyclic Prefix and Zero Padding) 
OFDM has an advantage over single carrier modulation in handling multipath delay. 
Dividing the input data stream into N subcarriers reduces the symbol duration. By 
transmitting information on N subcarriers, the symbol duration of an OFDM signal 
becomes N times longer than the symbol duration of an equivalent single carrier 
signal. Accordingly, ISI effects induced by linear time dispersive channels are 
minimised. To eliminate ISI completely, a guard time is introduced for each OFDM 
symbol with duration longer than the duration of the impulse response of the channel 
[41]. The guard time may consist of a cyclic prefix, or it may be replaced by zeros to 
form the zero padding guard time [45,46]. The total symbol duration is TT"j"j = T, + 
Tg, where T, is the symbol time and Tg is the guard interval time. When the guard 
interval is longer than the channel impulse response, or the multipath delay, the effect 
of ISI can be eliminated. Furthermore, the ratio of the guard interval to the useful 
symbol duration is application-dependent [2]. 
Cyclic extension of an OFDM symbol is shown in Figure 2.10. Note that in the 
presence of linear time dispersive channels, an appropriate guard time avoids ISI but 
not ICI unless it is cyclically extended. At the transmitter, the last "T; ' samples of the 
IFFT output are inserted at the start of the OFDM symbol, while the first "T; ' 
samples are discarded at the receiver. Moreover, the duration of the useful part of an 
OFDM symbol is equal to (TT,,,,, - Tg), and hence the subcarrier spacing is equal to I/ 
(TT,, t,, l - Tg) [471. 
The guard time will prevent overlapping with the transmission of s(k+l) as shown in 
Figure 2.10. Moreover, by copying the last Tg from s(k) to be attached at the 
beginning of s(k), r(k) will be independent of s(k-1) in the cycle convolutional process 
(48]. 
The frequencies used in OFDM are regularly spaced in the spectrum required, so the 
time domain signal s (k) has to be limited in the frequency domain. For this reason a 
spectrum limitation must be provided by the convolution between the signal and a 
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window function that has a spectrum bounded exactly on the required one [48]. As 
example, windowing each OFDM symbol by a raised cosine window [2]. 
s (k) 
---------------------------- 
Cnard Tmw_ 
_, 
ý--; iard Tim- 
Tg 
Figure 2.10: Principle of the Cyclic Prefix. 
Assuming a two-path channel, this is to evaluate the basic operation of the cyclic 
prefix. Two replicas of the transmitted OFDM signal are combined to form the 
received signal. As a channel effect, the received OFDM signal possibly attenuated 
and delayed with respect to itself. Figure 2.11 shows the principle of an ordinary 
guard time whose duration is longer than the two-path channel relative delays. In this 
case, the sum of any two multipath components corresponding to a particular OFDM 
subcarrier over the FFT "integration time" does not yield a sine wave. Hence, ICI 
occurs at the output of the receiver's FFT [41 ]. 
A cyclically extended guard time, with duration longer than the two-path channel 
relative delay, is shown in Figure 2.12. In this figure, the ICI is eliminated. Over the 
TTotal the sum of any two multipath components corresponding to a particular OFDM 
subcarrier yields an attenuated/phasc rotated version of the same subcarrier [48]. 
Specifically, the amplitude/phase rotation of the n-th complex data symbol 
corresponds to the amplitude/phase of the frequency response of the two-path channel 
evaluated at the n-th subcarrier frequency. 
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Figure 2.11: OFDM signal with an ordinary guard time. 
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Figure 2.12: OFDM signal with a cyclic prefix guard time. 
An obvious problem of the cyclic prefix OFDM system is that the transmitted 
symbols cannot be recovered, even in absence of noise, when some channel zeros are 
located on subcarriers. Thus, it has been recently proposed to replace the cyclic prefix 
by the padding of zeros. As shown in Figure 2.13 [46,49] 
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r(k) 
Figure 2.13: Principle of the Zero Padding. 
To guarantee the retrieval process of s(k), the zeros at the end of s(k) leads to a larger 
number of observations of r(k) than the number of s(k). In Figure 2.10, s (k) denotes 
the new symbol after the insertion of the guard time [49]. 
2.3.2.3 Windowing 
As shown in Figure 2.6, the OFDM signal contains a number of subcarriers. This is a 
vital factor in determining the OFDM signal shape. For an infinite number of 
subcarriers, the OFDM spectrum exhibits the ideal brick-wall characteristic, while it 
has a relatively slow decay for a known number of subcarriers, according to a sinco 
function. The spectrum of an OFDM signal with a known number of subcarriers 
causes interference to users of adjacent frequency bands [2]. 
According to [2,41], a raised cosine window is often used to allow the amplitude of 
an OFDM symbol to go smoothly to zero at the symbol boundaries. The raised cosine 
window is given by 
35 
Chapter Two: MIMO-OFDM and the PA PR problem 
sin 
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(2.21) 
where P is the raised cosine window rolloff factor and TT,,,,, is the OFDM symbol 
duration. Figure 2.14 shows the time structure of a windowed OFDM signal. 
gig 
time 
Figure 2.14: Time structure of a windowed OFDM signal. 
As shown in Figure 2.14, the last " Tv, " samples of the IFFT output are inserted at the 
start of the OFDM symbol and the first ", ffrT,,, j " samples of the IFFT output are 
inserted at the end of the OFDM symbol. Subsequently, the OFDM symbol is 
multiplied by the raised cosine window. Finally, the signal is upconverted to be 
transmitted. Multipath fading and AWGN contaminate the transmitted OFDM signal. 
At the receiver, the received signal r(k) is filtered by a band pass filter, which is 
assumed to have a sufficiently wide pass band to introduce only negligible distortion 
in the signal. An orthogonal detector is then applied to the signal at the point of down 
11 conversion to the IF band. Then, the first "T g samples and the last "#TT,,,, " samples 
of the OFDM symbol are discarded. After that, the FFT technique is applied for the 
received signal. This process will obtain the Fourier coefficients of the signal in 
observation periods [2]. 
2.3.3 OFDM Communications Systems Elements 
Figure 2.15 depicts the principal elements of the conventional OFDM communication 
system. It is meant that the OFDM system is without multiple antenna technology. 
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Figure 2.15: OFDM communication system 
Subsection 2.3.2.1 introduces the role of OFDM implementation, guard time and 
windowing. In this section, the other elements of the OFDM communication system: 
encoders/decoders, and modulator/demodulator techniques are considered. 
2.3.3.1 Coding/Decoding 
During the transmission and reception process, the received symbol is an attenuated 
and phase shifted version of the transmitted symbol, where the attenuation and phase 
shift are given by the frequency response of the channel evaluated at the subcarrier 
frequency assigned for this symbol. According to a Rayleigh distributed channel, 
some subcarriers will be amplified whereas and others attenuated, resulting in high 
and low SNR based decisions at the receiver. In the presence of Rayleigh fading, the 
error rate decreases inversely with SNR whereas in the absence of this fading, the 
error rate decreases exponentially with the SNR [30]. 
Channel coding techniques are used to correct crrors in the received data. In OFDM 
with channel coding, the correctly received data of the relatively strong subcarriers 
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corrects the erroneously received data of the relatively weak subcarriers. For this 
purpose, a number of channel coding schemes have been proposed for OFDM 
applications, such as convolutional codes and turbo codes [2,43]. 
Coding techniques are therefore exploited to provide a link between independently 
fading time slots and subchannels so that the infori-nation conveyed by well-received 
subcarriers corrects the information conveyed by fading subcarriers [2]. 
2.3.3.2 Modulation/Demodulation 
After encoding the bits to be conveyed by a specific OFDM time slot and subcarrier, 
they are mapped to a convenient modulation symbol at the receiver, the received 
modulation symbols are demodulated before decoding. This yields the bits conveyed 
in their own OFDM time slot and subcarrier. 
Examples of this modulation technique include M-ary phase shift keying (M-PSK) or 
Wary quadrature amplitude modulation (M-QAM), where groups Of 1092 M bits are 
mapped to a particular point in an M-PSK or an M-QAM signal constellation. As an 
example, Figure 2.16 illustrates Gray coded 16-PSK and 16-QAM signal 
constellations. In this figure, binary digit words assigned to adjacent symbol states 
differ by one binary digit only [2]. 
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Figure 2.16: Gray coded 16-PSK and 16-QAM signal constellations. 
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The constellation level of the modulation technique plays a vital role in some 
communication systems. In any modulation technique, the modulated signal is 
quantised in both its in-phase and 90' components. The set of possible combinations 
of different values is defined by the constellation. Different modulation types can be 
used in accordance with the relationship between the constellation size and the power. 
For single carrier systems with equalisers, the performance degrades abruptly if the 
delay spread exceeds the threshold value of the equaliser. The error propagation 
causes an increase in the bit error probability; therefore, introducing a lower coding 
rate or a lower constellation size does not significantly improve the robustness of 
delay spread. On the contrary, the nonlinear effects of error propagation vanish in the 
OFDM system. Moreover, lower coding rates and constellation sizes can be employed 
to provide fallback rates that are significantly more resistant towards delay spread. 
This enhances the coverage area and prevents non-connectivity [2]. 
2.3.4 OFDM Drawbacks 
Sensitivity to nonlinear devices and synchronisation are the two major problems being 
faced by OFDM transmission. The nonlinear devices such as HPA clip the amplitudes 
of OFDM signals containing greater power levels than its own range, causing the 
adjacent channel interference problem. In the OFDM link, orthogonality must be 
maintained amongst the subcarriers in order to avoid synchronisation problems. There 
are a number of factors which cause this problem including timing jitter, frequency 
offset, subcarrier phase jitter and sampling clock frequency offset. In this work, the 
focus will be on issues related to the sensitivity of nonlinear devices, by tackling high 
PAPR values. This directly relates to sensitivity to nonlinear devices. The reader 
could refer to [21 for a more detailed survey of the synchronisation problem. 
2.3.4.1 Sensitivity to Nonlinear Devices 
The OFDM signal has a variable envelope [50], indicating sensitivity to nonlinear 
devices as a major OFDM disadvantage. An OFDM signal consists of a number of 
independently, modulated subcarriers, which can produce a high PAPR when added up 
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coherently with the same phase, sometimes reaching up to N times the average power 
where N is the total number of subcarriers. The PAPR value can be very high in 
certain input sets of samples and can cause the system to enter a non-linear mode of 
operation [5 1 ]. 
The signal with high PAPR values will suffer from different problems if it passes 
through nonlinear devices, such as converters, mixers, and power amplifiers [48]. 
These problems are: 
* significant spectral spreading and in-band distortion causing intermodulation 
among different subcarriers 
* undesired out-of-band radiation 
* quantisation noise, affecting the system's performance 
These problems result in increased system complexity and reduced power amplifier 
efficiency. This deficiency can be mitigated by a number of techniques proposed for 
tackling the PAPR problem. These include amplitude clipping; clipping and filtering; 
coding; and multiple signal representation techniques. It has been shown [6] that 
amplitude clipping leads to an increase in the BER, while coding schemes decrease 
the net bit rate. 
Generally, these techniques achieve PAPR reduction at the expense of an increase in 
transmitted signal power, BER, data rate loss, and computational complexity [4,5,7, 
52-58]. This subsection will be covered in details in Section 2.4. 
2.3.4.2 Synchronisation 
The transmitter of a digital communication system contains a clock that indicates the 
timing instants at which the data symbols must be transmitted [48]. In addition, the 
transmitter contains a subcarrier oscillator that is necessary for the up conversion of 
the data carrying baseband signal to the bandpass signal. At the receiver, the received 
bandpass signal is down converted using a local subcarrier oscillator. The resulting 
signal is sampled at timing instants determined by the receiver clock [59]. Therefore, 
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at the receiver, the sampling process must be carried out in order for the correct 
sequence to recover the received data on the subcarriers. This problem is caused by 
various factors, such as frequency offset and phase noise. An increased guard interval 
between OFDM subcarriers could reduce this problem as shown by [2]. Moreover, 
different techniques are proposed in the literature to tackle synchronisation 
deficiency, such as timing recovery [60], blind equalisation, and tone reservation [61, 
62]. 
Differences between the transmitter and receiver local oscillators will result in 
frequency offset, causing ICI and degrading the orthogonality of subcarriers. For 
more details, the reader could refer to [2,63,64]. 
A local oscillator in a receiver introduces phase noise. It can be interpreted as a 
parasitic phase modulation in the oscillator's signal, especially when the oscillator line 
width is much smaller than the OFDM symbol rate. The phase noise could have two 
effects; a Common Phase Error (CPE) due to the rotation of the signal constellation, 
and ICI [2]. The CPE can be rectified by using reference information within the same 
symbol. Unfortunately, ICI is more difficult to overcome due to the additive noise, 
which is different for all subcarriers. This difference can be interpreted as a loss of 
orthogonality-[48]. 
A general model capable of making accurate, quantitative predictions about phase 
noise is introduced in [58]. For different types of electrical oscillators, this model 
acknowledges the true periodically time-varying nature of all oscillators. 
2.4The PAPR Problem 
As has been described earlier in this chapter, multi-carrier signal large envelope 
fluctuations cited as a major drawback of OFDM since all practical transmissions 
systems are peak-power limited. Therefore, designing any system to operate in a 
linear region often implies operating at average power levels below the maximum 
power available. 
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Additional nonlinear distortion must be allowed in order to avoid operating the 
amplifiers (nonlinear devices) with extremely large back-offs occasional saturation of 
the power amplifiers or clipping in the DAC. This will create inter-modulation 
distortion that increases the bit error rate in standard linear receivers, also causing 
spectral widening of the transmit signal that increases adjacent-channel interference to 
other users. The focus of this section is to introduce the problem of PAPR and provide 
most of the necessary background information for understanding the subsequent 
chapters [2]. 
The next subsection elaborates on the fluctuating envelope phenomenon. The 
statistical properties of PAPR are covered in section 2.4.2, while Section 2.4.3 will 
cover the effect of this phenomenon on system performance. Section 2.4.4 will review 
some of the conventional techniques to tackle PAPR that have been proposed in the 
literature. 
2.4.1 PAPR Concepts 
Typically, PAPR quantifies the signal's fluctuating envelope. The PAPR of a signal s,, 
where, r represents time index shown in (2.19) is defined in [2] as: 
2 
max s. 
PAPRfs, ) = rc-T 
12) 
(2.22) 
E(Is, 
where maxis r 
12 denotes maximum instantaneous power (i. e., the instantaneous power 
T 
is defined by the maximum of squared absolute value of the sample at each time 
index), E(Isr 12 ) denotes the average power of the signal and r (=- T is the interval over 
which the PAPR is evaluated. Moreover, s, can be replaced by the full definition of an 
OFDM symbol, (i. e. OFDM symbol with cyclic prefix, and zero padding, or the over- 
sampled OFDM symbol). Throughout this thesis, 'PAPR' will refer to baseband 
42 
Chapter Two: MIMO-OFDM and the PAPR problem 
PAPR. For the passband transmission, the transmitted multi-carrier signal denoted by 
S(t) which is modulated onto a carrier frequencyfi, 
SpB(t) = Re {S(t) e 
j2; ý(, t ) 
ReIS(t)lcos(2nft)} - jIm{ S(t))sin(27cft)) (2.23) 
= SAt) cos(27rft) ± SQ(t)sin(2nft) 
Since the carrier frequency is usually much higher than the signal bandwidth, the 
maximum of the modulated signal is the same as the maximum of the baseband 
signal. As an example for a QAM modulated signal x(t), the average power of the 
imaginary and the real parts are defined as Ejjxj (t)l 
2 E(IxQ (t)12) = -1 EjjX(t)j 
21. 
2 
From (2.23) the average power can be written as 
E(ISpB (I)l 21=I EIIS, (t)121 +I E(JS 12 )= -1 EIIS(t)121 (2.24) 22Q 
(t) 
2 
Thus, passband PAPR is roughly twice the baseband PAPR. Moreover, since the 
cyclic prefix is just a replica of the last samples from the OFDM symbol, it does not 
change the average or peak power, therefore, (2.24) will remain the same with or 
without the cyclic prefix [2]. 
2.4.2 Statistical Properties for PAPR 
For simplicity, assuming the input data to the OFDM modulator is i. i. d with zero 
mean and unit variance. From (2.19), the resultant OFDM symbol samples with large 
values of N are i. i. d Gaussian random variables with zero mean and unit variance as 
each sample is a linear combination of Gaussian random variables [65]. The 
Cumulative Distribution Function (CDF) of random variable PAPR (s'[k]) has a 
simple closed form distribution as follows [66] 
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2 
ýsm[N_- lf 
PrýPAPRýs'[k]ý<, p t=Prý 2<p2<p) 
= [Prj 
Eýk[k ]121 
<p2 If (2.25) 
where, s' is the m-th OFDM symbol as defined by (2.19),, o is a PAPR threshold. For 
real multi-carrier case, the symbol CDF of PAPR Is' [k ]ý is 
Prj PAPRý s'[k] I< P2 j= (1-2Q(P))N (2.26) 
The Complementary CDF (CCDF) is 
Prý PAPRI s'[k] I> P2 j= 1-(1-2Q(P))N (2.27) 
where Q0 is the error function, where the standard normal cdf can be expressed in 
terms of it. 
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Figure 2.17: CCDF of OFDM symbol for N= 256,512,1024, and 2048. 
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It can be inferred from Figure 2.17 that most of the symbols have a PAPR less than 15 
dB, and that statistical PAPR does not increase significantly with increased symbol 
size. 
2.4.3 The Power Problem Effect on the System Performance 
As mentioned earlier in Section 2.3, the OFDM system concept appears to be rather 
appealing due to the simple equalisation and efficient signal processing. However, an 
OFDM system is very sensitive to nonlinear components in the transmission path, 
such as DAC, mixers and HPA. Due to this, the OFDM subcarriers add up at a time 
which causes large fluctuations of the signal envelope [2]. 
These nonlinear devices introduce an amount of distortion depending on it is 
maximum output power and the average energy of it is input data. Two main 
parameters deiffied for the nonlinear devices are Output Back-Off (OBO) and Input 
Back-Off (IBO) [67]. These two terms are defined in [67] as follows 
2 
OBO = 10logio( 
E(I I) 
dB (2.28) 
where A2 is the maximum output power and El ý12) is the average power of the output 
data. On the other hand, IBO is defined by 
IBO = l0loglo( 
A) 
dB 
E(IX121 
(2.29) 
where E( ý12) is the average power of the input data. These two powers are considered 
equal values if the multi-carrier signal operates in the linear region of the device [67]. 
Two main problems, the PSD degradation and increment of Symbol Error Rate (SER) 
are experienced by the system when the transceiver signal suffers from nonlinear 
distortion. 
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The impact on PSD is described as the spectral regrowth phenomenon. The output of 
nonlinear devices will suffer from intermodulation distortion resulting in energy being 
generated at frequencies outside the allocated bandwidth. It is known that users in 
different applications share the spectra among them, requiring a large clip level value 
(1130) or alternatively a filter after the nonlinear device. However, the transmit power 
is usually lowered at the expense of increasing BER [68]. 
The SER is one of the common performance measures used to assess the 
A 
communication link. Denoting the estimated information symbols as c, , then the 
average symbol error probability is given by 
I N-1 
SER =- Y- SERi N i=o 
(2.30) 
where SER,, Pr(ci #ci ), is the i-th subcarrier SER. For standard channels like 
AWGN or Rayleigh fading multipath fading channel explicit formulas of SER are 
known. For a detailed information about these formulas, the reader can refer to [68]. 
A practical trade off between SER and power efficiency must be found. A common 
measure for trading SER to clipping and power efficiency is the total degradation. To 
meet a certain target of SER, the sum of the energy per bit and the OBO due to 
clipping must be minimised [69]. 
A transmission, which is free from any distortion, requires linear operation over a 
range of N times the average power, which prevents power efficient operation of the 
high power amplifiers and reduces the system efficiency [2]. Thus, some techniques 
of peak power reduction are desirable. 
2.4.4 PAPR Reduction Techniques 
PAPR concept, its statistical properties and its effect on system performance were 
defined in the previous subsections. This subsection describes some of the most 
interesting techniques proposed for PAPR reduction. 
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The use of OFDM began more than two decades ago. However, techniques for PAPR 
reduction were not proposed until the mid 90's, and they have been extremely prolific 
[70]. 
The classification of work since the mid 90's is difficult to summarise in a few pages 
without leaving some interesting areas out of the picture. The following outline of all 
these efforts covers the major methods. These methods are classified into PAPR 
reduction with and without distortion. 
In the former classification, the transmitted symbols are distorted and the transmitter 
is not designed for the maximum PAPR range although the decoded BER is degraded. 
This set of techniques will be described in more detail in Subsection 2.4.4.1. The 
latter classification reduces the symbol PAPR prior to the nonlinear device without 
increasing the BER. These methods will be described in Subsection 2.4.4.2 and 
typically achieve lower PAPR at the expense of a reduced data rate. 
2.4.4.1 PAPR Reduction with Distortion 
Clipping is a simple technique applied to the affected OFDM symbol by PAPR. It 
clips the affected signal at the transmitter to the desired power level. The operation is 
implemented on discrete samples prior to DAC or by designing the DAC and/or 
amplifiers with saturation levels that are lower than the signal dynamic range. This 
approach is widely used, although it is known to degrade the received SER and to 
increase out-of-band radiation [71]. 
Multi-caffier signal degradation, due to nonlinearities, has been detailed in a number 
of publications. Some of these explanations apply to real signals and others to 
complex ones. As an example, in [71,72] Mestdagh and Gross were proposed a work 
to reduce PAPR for real multi-carrier signals, while O'Neill and Lopes in [73] were 
quantified the PAPR problem for passband multi-carriers signals. 
The main assumption for all works (either for real or complex signals), is that, 
nonlinearity is an ideal soft limiter, after the SNR degradation and the PSD of the 
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clipped/limited signal is computed. Due to the clipping process, the out of band 
radiation increases; this is reduced by applying filtering after the clipping technique. 
Unfortunately, filtering after HPA can be very costly. In practice, clipping and 
filtering is done prior to HPA, but in this case, the PAPR can significantly increase 
after filtration [74]. 
This can be overcome by the alternative method of peak windowing [75,76]. The 
clipping operation will reduce out-of-band radiation at the expense of increasing BER. 
Chow in [77] proposed a new technique to help in reducing BER which is denoted by 
shaped clipping. This technique is applicable for some special applications 
specifically when the channel exhibits a known structure. In this case, the clip noise 
can be shaped to reduce BER. 
Unfortunately, in a general channel, the determinant effects on BER can not be 
mitigated. For this purpose error correction codes are used. Data rate reduction and 
complexity at both ends as well as increased overall delay of the system are the by- 
products of a general channel structure. 
2.4.4.2 Disto rtionless PAR Reduction 
This subsection details methods that reduce the symbol PAPR prior to the nonlinear 
device without increasing BER. These techniques are classified into two main 
categories; coding, and optimisation. 
2.4.4. Zl Coding 
In the early 90s Popvic [69] showed that a low PAPR, 3dB, can be achieved for 
baseband complex symbols generated by Golay complementary sequenceS7 . After 
7 Complementary sequences were introduced by Marcel Golay in 1949 in the context of infrared 
spectrometry. 
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that, in [78,79] van Nee and Davis have done a ftirther studies of the coding methods 
revealed that these codes can only be applied to M-ary PSK data and are not 
applicable for N> 32, where N is the total number of subcarriers, however, this 
coding methods provide error correction capability. 
Further studies in [70,80,81] were performed to study these coding techniques. 
These methods yield large PAPR reductions at the expense of minimal data rate loss, 
and an incrq 
' 
ase in system complexity. The authors discovered an exponential 
relationship between finding suitable codewords and the number of subcarriers. As an 
example, if there are 32 subcarriers with a 16-QAM modulation technique, then there 
are 1018 stored symbols, a discovery which leads to other possible ways to tackle 
effect of the PAPR on the system performance. 
Z4.4.2.2 The Signal Optimisation 
The reduction techniques include two types of methods: discrete and continuous 
signal representations. In discrete signal representations, a limited number of possible 
transformations of the symbol can describe PAPR reduction techniques. In this type 
of techniques two main conditions must be maintained to guarantee its practical 
implementation; the representation process must be reversible, and the error rate must 
be allocated within acceptable limits. The main drawback for this kind of technique is 
that the tran sformation chosen at the transmitter must be communicated to the 
receiver. Thus, the overhead data problem appears and needs to be tackled [77]. 
As an example, most of these techniques attenuate the symbol with a high envelope 
greater than a determined threshold [77,82]. These kinds of techniques are the 
simplest but, as a compromise, the SER increases due to scaling the SNR at the 
receiver. In order to combat this problem, the researchers have proposed a pseudo- 
random transformation process based on the phase shifts of the data symbols, such as 
selective scrambling techniques [83]. The limitation of these techniques is that IFFT 
must be recalculated for each phase transformation. This will increase transmitter 
complexity proportional to the total number of transformations, forcing researchers to 
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propose a structured phase transformations to avoid this large complexity, such as 
selected mapping and partial transmit sequence techniques [57,84,85]. 
Because of using these structured phase transformations, mathematical properties of 
the IFFT are exploited, leading to savings in recomputing IFFT for each 
transformation of the OFDM symbol are made. Moreover, the complexity decreases 
at the expense of PAPR reduction since the transformed symbols are dependent on the 
original symbol. This saving in complexity could vanish by using a larger set of 
transformations to achieve the same PAPR reduction [85]. 
For continuous signal representations, reduction techniques can be described by a set 
of parameters that must be optimised. A simple optimisation scheme is that of trying 
each possible combination of optimisation parameters and selection of the parameter 
leading to the smallest PAPR. The drawback of this simple scheme is that its 
N 
computational complexity is of the order e, rendering it unfeasible for large N [86]. 
In conclusion, the techniques already used to tackle the PAPR problem are divided 
into two groups, one of which suffers from a high degree of computational 
complexity, while the other does form an increase in BER. In Chapter 4 the new 
technique (NTRPT) is described, which yields significant PAPR reduction with a 
computational complexity formula of the first order. 
Z5Summary 
This chapter provided the reader with the needed material to understand the remaining 
chapters. It is divided into three subsections to cover the three main parts of the 
proposed system; NTRPT-MIMO-OFDM. 
Section 2.2 introduced the MIMO technique to cover the MIMO channel, and the 
MIMO system's basic components with different MIMO techniques. To summarise 
the optimum performance could be achieved with full diversity, but only at the 
expense of decoding complexity. The complexity of such a receiver grows 
exponentially with the size of the spatial and temporal dimension. 
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Section 2.3 presented the principal ideas behind OFDM used throughout this thesis. 
The section began with a discussion of the basic principles of OFDM, including the 
implementation of OFDM communication system elements (such as the FFT-based 
implementation of an OFDM transceiver), the guard time (cyclic prefix or zero 
padding) and a review of windowing. The drawbacks of OFDM then reviewed, 
particularly, introducing the effects of synchronisation errors and non-linear distortion 
on an OFDM signal. 
Section 2.4 overviewed one of the major drawbacks of the OFDM systems (PAPR). 
The section also covered the main conventional techniques in the literature. For 
simplicity, the techniques were further divided into two main groups: distortion and 
distortionless techniques. 
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Chapter 9nirce 
3. MIMO: Channel Modelling 
IlIntroduction 
Section 2 of the previous chapter covered the main schemes proposed for MIMO 
technology, which they offer variety trade-offs between capacity capabilities and the 
BER (when they combined with corresponding receiver techniques). In Section 3.1, 
the capacity of MIMO channels is determined. The BER for the ZF and the MMSE is 
linked with the SNR in Section 3.2. 
As mentioned in the previous chapter, it is important to have a good MIMO channel 
model, which should cover a range between the best and worst cases, such as the 
effect of spatial fading correlation. In Section 3.3, a simple MIMO channel is 
proposed to study the effect of spatial correlation on channel capacity. 
3.2 The MIMO Systems Capacity 
A main factor. jhat makes MIMO systems preferable over SISO systems is capacity, 
defined here as the maximum rate of information without any changes at the receiver. 
An important issue that must be mentioned here is that MIMO systems' capacities are 
based not only on the fading statistics (as for SISO systems) but also on the spatial 
correlation coefficient. Nevertheless, both of them can approach maximum capacity 
boundaries obtained from information theory by a proper design of both of the coding 
and decoding techniques. 
Starting from the channel transfer matrix proposed in [87], its impact can be written 
based on the Singular Value Decomposition (SVD) as 
52 
Chapter Three:. 111.110: ChannelModelling 
UDV Ha+n 
where x is the received signal; from the definition of SVD; with the UDV" equal to 
the channel transfer matrix, H; D is an MxN dimensional matrix having the square 
root of the nonzero eigenvalues of HH" or HHH [88] on its diagonal; and U and V are 
the unitary matrices with dimensions MxM and NxN; a denotes the transmitted signal; 
and n is the added noise. The nonzero eigenvalues must be less or equal to a 
minimum number between N and M. 
In order to simplify (3.1), multiply the overall received signal by UH and sending a' 
instead of a, where a'= V a. The received signal, b, will be written as 
b= Ullx= Ull UDVIV a+ UH n=D a+ n' (3.2) 
This achievement is based on the fact that the unitary matrices, whose rows and 
vectors have an orthonormal basis while keeping in mind that a space rotation results 
in the multiplication of any matrix by a unitary matrix. In [89], the equivalence of H 
consists of NA. parallel spatial subchannels with the k-th eigenvalue, ýk, as a gain for 
the k-th subchannel. This can be derived from (3.2) for the k component notations as 
bA 112 a +n kk 
Figure 3.1 shows the equivalence representation of (3.3). 
A(Y2) 
---- fol 
a, 
(Y2) 
Nk 
-------------- 
D 
LM b, 
hNA 
Figure 3.1: Equivalence of the physical model of a MIMO system. 
(3.3) 
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From the figure shown above, the capacity can measured according to the spatial 
subchannels, 'gince they are the parallel paths that are allocated to send the data in the 
same allocated bandwidth. Making use of Shannon's capacity formula [90], the 
capacity, C, can be defined as [89] 
N 
12) =N C= 
21092 
(1 + Pk lhk 
2109 
2 (1 + 1ý k -k ), 
bits/ s/ Hz (3.4) 
k=l k=l CFn 
where pl, is the average SNR at the k-th logical Rx antenna, the transfer function of 
2 the k-th subchannel is hk, and Ok is the power allocated to the k-th subchannel. Thus, 
capacity depends on the power allocated per channel. Moreover, the capacity 
increases linearly with Nk when there are equal values for gains Ak and a uniform 
power allocation. 
From (3.4) and the consequence that the capacity depends on the power allocated per 
channel, the two common types of capacities, open-loop and closed-loop, can be 
defined. 
The closed-loop scenario exists when the transmitter has the knowledge of the CSI. 
An optimal feedback with zero delay is assumed. Perfect knowledge of the channel 
matrix at the transmitter gives the choice of optimal distribution of the total available 
power Pt among Ntransmitting antennas [87,91]. 
To calculate the capacity formula in this case the information theory and its definition 
of capacity will be used as starting point. Since capacity is maximum mutual 
information, let the mutual information, I, between transmitted vector a and received 
vector b be expressed as: 
I(a; b) = H(b) -H (b/a) = H(b) -H(n) (3.5) 
where H(. ) denotes entropy. Maximising (3.5) is related to maximising H(b), 
according to [87], the Gaussian distribution of a complex multivariatc y has the 
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largest entropy. The entropy of this complex multivariate normal distribution is given 
by: 
H(y) =-f P(Y) 1092 (p(y)) dy (3.6) 
where p(y) is the pdf of a complex multivariate normal distribution y with covariance 
matrix Qy and mcan ýty. This pdf is givcn in [92] by 
H -I 
p(z)=det(7EQý)-'e(4z-Pz)) Qz (zJt1)) (3.7) 
Thus, the capacity can be expressed as 
max(I(a; b)) = max(H(b)-H(n)) (3.8) 
From (3.6) and (3.7), and making use of the fact that allb = tr(baH) (where tr (. ) stands 
for the trace of a matrix - Le., the sum of diagonal elements of the matrix), the 
entropy of y is calculated as 
-1 H(Y) f P(Y) 1092 (det(7EQy)- I e(-(y- 11y) HQy (y- Iiy))) dy 
P(Y) 1092 (det(7EQy)-i ) dy -f P(Y) 1092 (e 
(-(Y- /ly) HQyI (Y- JuY))) dy 
-1 
-f P(Y)1092(det(7cQy)-')dy-f p(y)((-(y-/-'Y)HQY (Y-Py)))1092(e)dy 
-1 
=1092(det(nQy))+(1092e) f p(y)(ymtty)HQY (y-tty)dy (3.9) 
1092 (det(7rQy)) + (1092 e) E [( Y_ Ity)H Q yl ( Y_ tty)] 
-1 1092 (det(irQy)) + (1092 e) tr(E [QyQ y 1) 
log2 (det(nQy)) + (1092 e) tr(l). 
1092 (det(7r eQy)) 
2 
From (3.9) and Q, = a, Im, the capacity can be denoted as 
Cý 1092 (det(a eQb)) - 1092 (det(7c eQ,, )) 
1092 (det(7r e(Q,, + HQ,, HH))) + 1092 (det(7c eQ,, )-') (3.10) 
55 
Chapter Three: MIMO: Channel Modelling 
= 1092 (det( Im+ 12 HQHH» bits/s/Hz 
Un 
Foschini and Goldsmith in [13,93] also derived a capacity formula similar to that 
achieved in (3.10). To achieve the closed-loop capacity from (3.10), tr(Qa) must be 
smaller or equal to Pt [87]. Thus, 
1 
rH-, -, Ccl ý 1092 (det( Im+ 
U, 
2 HQH )j 
1092 (det( UUH+1 UD VH Q. V D"U H )) (3.11) 
Cn2 
1092 (det(Im +D VHQýV DH)) bits/s/flz 
if CSI is not known at the transmitter, (3.11) can be re-written to express the second 
type (i. e., the open-loop), providing [131 that the optimal transmit strategy is to 
distribute the available power uniformly over the transmit antennas. Thus, Q., 21 N 
IN, which leads to 
Co, ý log2 (det( Im+ 727 HH » bits/s/Hz (3.12) N- Orn 
Figures 3.2-3.5 depict the ergodic capacity as a function of SNR. The ergodic 
capacity is determined for 10,000 realisations of H to cover most examples cases of a 
real life channel. The realisations of H are assumed to be i. i. d. circularly-symmetric 
complex Gaussian distributed. The number of nonzero eigenvalues of HHH or HHH 
for this type of channels equal Nk = min (NM. 
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Figure 3.2: Ergodic channel capacity for different NIINIO configuration and a correlation 
coefficient equal to 0 
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Figure 3.3: Ergodic channel capacity for different MENIO con figuration and a correlation 
coefficient equal to 0.6 
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Figure 3.4: Ergodic channel capacity for different MIMO configuration and a correlation 
coefficient equal to 0.8 
50 - 
4 open-loop capacity/ 6X6 45 
open-loop capacity/ 4X4 
40 
open-loop capacity/ 3)C3 
--------- 
35 
* open-loop capacity/ 2)Q ------- 
30 -------------------------------------------I--------- 
z 25 ------ ------------------------------------ --------- 
20 --------I----------------- --- -------------------------- 
Uj 15 
10 
4 
0 
05 10 15 20 25 30 
SNR per RX antenna(dB) 
Figure 3.5: Ergodic channel capacitý . for different MIMO configuration and a correlation 
coefficient equal to one 
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From these figures, the ergodic capacity has a direct relationship with the number of 
antennas and an inverse relationship with the correlation coefficient (i. e., increasing 
the number of antennas improves system capacity, while a high correlation coefficient 
reduces system capacity and vice versa). 
3.3BER versus SNR Performance measurement 
Referring to the general MIMO model in Subsection 2.2.2, there are three different 
parts to deal with, namely, the channel coding, the S/P stage, and the modulation 
stage. Channel coding has a coding rate, Rc4 less than one, the S/P maps serial N 
symbols to parallel N symbols, and the modulation block maps m bits onto 2'-ary 
modulation techniques. For this model, the error rate performance is given as a 
function of the bit energy-to-noise density ratio EbINO, while the SNR at the receive 
antennas is used as an input parameter denoted by EVNO. 
In general, the relationship between EbINO and E. INO for a normalised propagation 
attenuation variance is given in [30] by 
EblNo = (EVNo) (Tbl Ts) (3.13) 
where Tb denotes the bit duration and T, is the symbol duration. To cover the whole 
block diagram of the general MIMO model, (3.13) can be rewritten as 
E, lNo = NmRcod (EbINo) (3.14) 
where T, = NmRcod Tb can be found by the serial combination of the separate 
relationships between T, and Tb of the separate model blocks. Starting form the 
channel coding block, the relation between T, and Tb can be written as T, = Rc"d Tb. 
Modulating the coded data can modify the relation to be as T, =m RcodTb. Finally, 
dividing the modulated data into N parallel blocks will modify it to be written as T, 
mN Rcod Tb. From (3.14), the spectral efficiency, q, can be defined as NmRcod. 
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Different MATLAB programs were generated to calculate the ZF and the MMSE and 
obtain their performance characteristics. The BER performance is obtained by 
averaging over 10,000 realisation of the channel. 
Figures 3.6-3.9 show BER vs. SNR for different MIMO detection techniques (i. e., 
MMSE and ZF) and for different system configuration (i. e., different number of 
antennas). The results of using MMSE detection algorithm with 2x2 antennas is 
shown in Figure 3.6. In Figure 3.7, the same detection algorithm is still used with 30 
antennas configuration. Figures 3.8 and Figure 3.9 show the results of changing the 
detection algorithm to ZF with 2x2 and 30 antennas, respectively. 
A 
--A 64 QAM 
BPSK 
QPSK -7. 
16QAM ; 
ý" 
- 
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-A ------- 
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T--------------------------------------------- 
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Figure 3.6: The BER plots for a MlMO-OFD. Nl sý stem, using V-BLAST technology as a MIMO 
encoder, MMSE detection algorithm and 2X2 antennas 
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Figures 3.6-3.9 compare the system performance for different modulation techniques 
if the receiving process is attained by using either MMSE or ZF detection process 
with different antennas configurations. From Figure 3.6 and Figure 3.8, as an 
example, for the MMSE detection process, the BER at 10 dB SNR equals 2.5XIO-2 
when using a BPSK modulation technique, while its 4.1XIO-1 if the modulation 
technique is changed to be 64QAM. Changing the detection process to be ZF detector 
affects the system efficiency to be 4.8XI 0-2 and 4.2XIO-1 when using a BPSK and 
64QAM respectively. 
Figure 3.7 and Figure 3.9 present the result for different MIMO system configuration, 
which is changed to 3X3 antennas. In this case, the BER at 10 dB SNR is 3.2XI 0-2 
and 5.9XIO-' when using BPSK and 64QAM modulation techniques respectively. 
These values are changed to the worse when the detection technique is changed to ZF. 
The BER when using BPSK modulation technique is changed to be 7. IXIO-2, whIle 
changing the modulation technique to be 64QAM affects the result to equals 7.3X 10-1. 
0 5 10 
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From these figures, it can be concluded that MMSE gives the best performance over 
the ZF technique, while for modulation techniques; the low constellation order 
performs better than the high one. Furthermore, increasing the system configuration to 
use larger number of antennas will reduce system performance for both of the SDM 
techniques. 
3.4Narrowband Channel Modelling 
The aim of this work is to improve the QoS of B3G by applying the MIMO-OFDM 
system. As seen in Chapter 2, the OFDM technique has the effect of making a 
wideband channel to appear as a narrowband subchannel. Therefore, this Section 
focuses on modelling MIMO radio channels from a narrow-band system perspective 
(i. e., assuming that the channel has a constant response over the entire system 
bandwidth). This type of channel model is a special case of the wideband models 
described in Section 2.2.1. This will give the first tap of the wideband channel model 
the most importance, due to the fact that the MIMO channel impulse response matrix 
will be reduced to have the first tap only (i. e., G(O)). 
As a result of being a special case of the wideband model, the notations in (2.1) will 
be changed under the assumption that normalising the average path loss is equal to 
one, as 
v= Hs+n (3.15) 
Section 2.2.1 demonstrates that the flat Rayleigh fading channel could be obtained if 
the TC (the total number of the channel taps) is set to one, after which the channel 
impulse response matrix, H in (3.15), will be defined as Hjid for the i. i. d. zero-mean, 
circularly-symmetric complex Gaussian elements with a variance of one. At the 
presence of the LOS or specular component H will contain the part of the specular 
complex Gaussian distributed matrix H, p,, as 
8K, H, p,, + 8K2 Hiid (3.16) 
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As in Section 2.2.1, PKI and 8K2 are components related to the Ricean factor and 
(3.16) will produce the Rayleigh fading channel impulse response matrix if the Ricean 
factor, K, is equal to zero. 
To propose a very good model, a wide range of scenarios in modelling the MIMO 
channel must be covered (including worst-case scenarios for correlation matrices, 
capacity, BER, etc. ). This will raise difficulties, however, in determining which 
parameter has the greatest impact on performance. This subsection will therefore 
focus on deriving the capacity formula, including the existence of spatial correlation 
as the worst case. In [13,93] and as seen in the capacity definition in Section 3.2, the 
capacity of an AftN narrowband MIMO channel H is given by 
C= log2 det ( IN + -El- HHH) bits/s/Hz (3.17) 
N 
where p represents SNR per receive antenna and IN is the NxN dimensional identity 
matrix. Furthermore, the channel matrix H is normalised, meaning that the elements 
of H have an average power of one. 
The spatial correlation is a key factor in the performance calculations of MIMO 
systems and negatively influences the results. Thus, to keep the spatial correlation to a 
minimum, the antenna spacing must be chosen to be equal or greater than V2, while X 
is the carrier wave length [13]. However, if the space is limited, the spatial correlation 
must be take, n, into consideration. Starting from the definition of the MIMO channel 
spatial correlation matrix, as in [94,95] 
RH=E [vec(H) vec(H)H] (3.18) 
where H is the channel matrix with zero mean and unity variance elements, (. )" 
denotes the Hermitian transpose and vec(. ) denotes the vec-operations of a matrix, 
defined as an AMI dimensional vector composed by stacking the column of H. 
Furthermore, based on the assumption that the correlation among receiver antennas is 
independent from the correlation between transmit antennas. The nonnegative definite 
correlation matrix can be defined as [96] 
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RH = RTx 0 Rp-, (3.19) 
where 0 represents the Kronecker product, RT,, is an NxN dimensional nonnegative 
definite matrix denoting the transmitter side correlation matrix, and RM is an MCM 
dimensional nonnegative definite matrix denoting the receiver side correlation 
matrix. From (3.19), the correlation between different MIMO channel elements 
results from the Kronecker product, seen from the transmitter side, with that at the 
receiver side. After defining the correlation matrices, it is designed to generate the 
independent narrowband flat-fading MIMO channel with spatial correlation. The 
channel matrix, H, can be defined as in [97] by 
H= unvec (R 
1/2 hiid) H (3.20) 
The Li. d. matrix contains Li. d. zero-mean unit variance complex Gaussian elements, 
while h is an NAM stochastic vector, and the unvec () is the reverse of the vec- 
operation. The basic situation demonstrated by (3.20) is that the narrowband flat- 
fading MIMO channel matrix is based on the channel correlation matrix multiplied by 
Li. d. elements with zero mean and unity variance. The channel correlation matrix can 
be resolved into its basic components (i. e., the eigenvalues and eigenvectors) as 
follows 
RH=UAH UH 
UA 1/2 A 1/2 UH (3.21) HH 
UA 1/2 (U A 1/2 )H =R 
1/2( R 1/2)H HHHH 
where AH is a diagonal matrix with eigenvalues of RH and U contains the RH 
orthonormal eigenvectors in its columns. Similarly, in (3.21), RTx is reformulated to 
1/2(RI/2)H land Rpx equal to I RI/2(RI/2)H be equal to fR Tx TX RX Rx 
). As a consequence, 
1/2 
,g can 
be defined, based on (3.19), as 
1/2 
= RH RI/2 0 RI/2 TX RX (3.22) 
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By making use of the property for any matrices with proper dimensions, namely, A, 
B, and C, (see Appendix A) (vec (ABC) = (CT 0 A) vec (B) I and (3.22), (3.20) will 
be reformulated as 
1/2 H= unvec (RH hiid) 
=unvec((RI/2 (DR1/2)hiid) (3.23) TX RX 
=Rl/2 Hiid(R'/2 Rx TX 
Comparing with [96], the same result of the introduced spatial correlation model was 
obtained. 
Substituting the result achieved from (3.23) to (3.17) 
x 
)T ((R 1/ 2 Hiid(R I/2 1/2))H (Hiid) H (RI/2)H) bit/s/Hz Cý 1092(det(IN+ -ý- R RX T TX Rx (3.24) N 
Equation (3-24) can be reformatted under the assumption of high SNRs to achieve 
greater simplicity thus: 
10,92 det (2- RI/2 Hiid (RI/2)T ((RI/2) T )H (Hiid )H (RI/2)H) 
N Rr TX TX Rx 
1092(det(-g-R1/2)det(Hiid)det« RI/2)T)det«(R1/2) T)H)det«Hiid )H)det«R1/2)H» TX TX RX Rx 
1092(det(Hiid)det(((RI/2)T)ff)det((RI/2)T)det((Hiid)")det(-e-RI/2)det((RI/2)H)) TX TX N Rx PIX 
=1092(det(2- Im)det(Hiid) det((RTx)T) det((Hiid )H) det(Rp, )) (3.25) 
,N 
lOg2(det(-2- Im)) + 1092(det(Hiid) det((RTx)) det((Hiid)ff) det(Rp-, ))) 
N 
The capacity achieved from (3.25) consists of, firstly, the capacity of each parallel 
independent subchannel, and secondly of the coffelation between the subchannels. 
Thus, in a correlated channel, MIMO capacity can be achieved by evaluating the 
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determinant of the correlation matrices. From (3.19), RT,, and RR, are as RH defined as 
a nonnegative definite matrix; therefore from [98] the determinant of a squared 
nonnegative definite matrix is the product of its diagonal elements. As mentioned 
earlier, correlation matrices are nonnegative definite matrices. If a similar correlation 
matrices (i. e., Rj-, = RRx) is assumed, thus, the determinant is lower bounded by zero. 
Furthermore, following from the assumption that Rj-, = RRxý the diagonal elements for 
the correlation matrices are ones. The conclusion must be that the determinant is 
bounded by one as a maximum and by zero as a minimum. 
As mentioned earlier in this subsection, the correlation between two antennas will be 
neglected if the spacing is greater or equal to half the wavelength. In addition, the 
correlation will be taken into account due to the limited spacing. Then assuming that 
the maximum spacing between the first and the last antenna is equal to half the 
wavelength, the limits of the correlation between each two antennas will be as 
described in Figure 3.10. As an example, four antennas are used to describe this 
model, which may not be an accurate one for some real-world scenarios, but does 
helps in the study of the effect of correlation on MIMO capacity explicitly. Moreover, 
it is obviously quite a tenable model from the point of view of physical representation 
since the correlation will be decreased if the distance is increased. 
A 
2 
3; 
U 
Figure 3.10: The proposed model with four antennas 
Figure 3.10 shows that the Marwan-Omar Model (MOM), is distance-based. In 
addition, a reference correlation coefficient is assumed to be in the centre of d12 and 
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equal to r. For example, N3 is placed in the distance-range d13, X14<dl3< 5%/12. Thus 
the correlation coefficient range is in between 
rr where r is the reference correlation (N - 3) + (N - 2) )2 (N - 
2) + (N - 1) )2 
22 
coefficient. Moreover, when N2 is placed at the middle d12 range, the correlation 
coefficient is equal to r, assuming that rt,, is the reference correlation coefficient, the 
transmitter correlation matrix for N by N model is 
I (al, a2) (bl, b2) (cbcD" 
(al, a2) (al, a2) 
RTx (bl, b2) (al a2) (bl, b2) (3.26) 
(al, *a2) 
ý(cbcD ... (bl, b2) (al, a2) I 
where, (al, a2) =(I-r, , 
rtx 
2 (3/2) 2 
(bi, b2) *ý ( 
rtx 
2' 
rtx 
2 (3/2) (5 2) 
l- 
and (Cl. C2) 
rtx rt. T 
2 
2 
(, V - 1) 
In addition, the receiver correlation matrix for M by M, with the reference rr, is 
(all, a22) (bll, b22) ... 
(all, a22) (all, a22) 
Rju (bl 1, b22) (al 1, a22) 
(cl 1, C22) ... (bll, b22) (all, a22) 
where, (all, a22) 
4-rrx 
, 
rrx 
2 (3/2)2 
(bn, b22)ý( rrx 
2' 
rrx 
2 (3/2) (5/2) 
and (c i i, c22) 
rrx rrx 
(N - 2) + (N - 1) )2 (N_1)2 
2 
(cl 1, C22)'ý 
(bll, b22) 
(al 1, a22) 
Ii 
(3.27) 
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To simplify this model, it can be assumed that each antenna is placed at the middle of 
it is range area. Then RTx and Rpx will be defined as 
rtx rtx 
rtx 
- 4 (N_1)2 
rix rtx 
rtx 
rjx 
rtx 
RTx 44 
rtx 
rtx rtx rtx 
(N_1)2 4 
rrx 
rrx rrx 
4 (M 1)2 
rrx rrx 
rrx 
rrx 
rrx 
RR-, 44 
rrx 
rrx 
... 
rrx 
rrx 
ý(M_1)2 4 
(3.28) 
(3.29) 
where, rt, and r, are real-reference correlation coefficients for RT" and RRx. N and M 
are the total number of antennas at the transmitter and receiver respectively. It is a 
powerful property of this model that the correlation is assigned starting from zero to 
one, i. e., from fully uncorrelated to fully correlated. 
Figure 3.11 describes the determinant changing of the correlation matrices for 
different values of correlation coefficients and different MIMO system configurations 
(i. e., choosing different number of transmitting and receiving antennas). This figure is 
limited to the use of equal numbers of transmitting and receiving antennas. The 
achieved determinant values are mapped between zero and one as the correlation 
coefficients are changed between zero and one. 
Figure 3.11 shows the achieved result of the proposed model for RT. a function of r", 
which gives a similar results to those achieved by [99], since the determinant for the 
modelled matrix is monotonically decreasing in the range of interest, i. e., 0: 5 ra: 5 1. 
, e* , 
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correlation model matrix vrs the correlation coefficient 
0.8 
0.7 
0.6 
C, 0.5 
.E0.4 
0.3 
0.2 
01 1 
0 0.1 
Figure 3.11: The determinant of the correlation model matrix RTX, mod versus the correlation 
coefficient rtx for a various number of TX antennas 
To check the proposed model performance, a measured complex correlation matrices 
in a picocell environment is used to relate the capacity with the SNR. These matrices 
are found in [100] and given by 
1 -0.61+0.77i 0.14-0.94i 0.24+0.89i" 
- 0.61 - 0.77i 1 -0.85+0.5i 0.57-0.78i 
RTX ý 0.14 + 0.94i - 0.85 - 0.5i 1-0.91 + 0.4i 
(3.30) 
, 
0.24 - 0.89i 0.57 + 0.78i - 0.91 - 0.4i 1 
1 -0.12 - 0.18i 0.08+0.05i -0.02-0.13i" 
- 0.12 + 0.18i 1-0.17 - 0.16i 0.1 l+ 0.04i 
RRXý 0.08-0.05i -0.17+0.16i 1 -0.17-0.16i (3.31) 
\ý, -0.02+0.13i 
0.11-0.04i - 0.17 + 0.16i 1 
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A MATLAB simulation was used to compare the capacity of the measured correlation 
matrices with that of the model. In this simulation a 1000 different realisations of the 
channel was used, which they produce a different instantaneous capacity value. The 
average of these capacity values, i. e., the ergodic capacity, as a function of the SNR 
per receive antenna is shown in Figure 3.12 (a) for the measured and modelled 
correlation matrices. 
To compare the model result with the measured one, the simulation is used a similar 
number of transmitting and receiving antennas as the one used in [100] (i. e., N ýM = 
4), and the SNR values are limited to 30 dB. 
Ergodic Capacity vrs SNR 
50 -------------------------------------------------- -------------------------- 
capacity of modelled correlation N=M=4 
45 ------------- capacity of measured correlation N=M=4 
------------------------ 40 ------------------------ T 
35 ------------------------------------------------------------- I -------------- 
ý2 30 ------------ ----------- ----------- ----------- ----------- ---------- 
25 
-- ----------r-----------r-----------T-----------T----------------- 
II 
20 ------------- L ------------ I ------------ I ----------- 
----------- 
LI 
0: 
--- -- Cr 15 ------------------------ I ------------ - --------- * ------------ LU 
10 
------------- r -------- - ------ --- T ----------- T ----------- T ----------- I 
----------------------- ----------- ----------- 
0 
05 10 15 20 25 30 
SNIP per RX antenna(dB) 
Figure 3.12 (a) 
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Ergodic Capacity vrs SNR 
capacity of modelled correlation N=M=4 
45 ------------ 
: 
----------- 4 capacity of modelled correlation N=M=3 
capacity of modelled correlation N=M=2 
40 ------------ ---------- 
N 
----------- ----------- ----------- ----------- T- 35 ---------------------- 
----------- ----------- ----------- 30 ------------------------- 
--- -- -------- 25 ------------------------- I ------------ T-----------T-------- 
CL 
20 ------------- L ------------ L -------------------------- ------- I --- 11 ------- I U 4r 
----------- -- -------------------- ------------------------------------- - ---- uj 
10 ----------- r -------- ---------- ---------- 
----------- ----------- ------------ 
0 05 10 15 20 25 30 
SNP per RX antenna(dB) 
Figure 3.12 (b) 
Figure 3.12: Ergodic capacity vs. SNR per RX antenna for a various number of TX antennas: a) 
the measured and modelled spatial correlation. b) Different number of antennas 
Figure 3.12 consists of two parts; comparing system capacity for measured and 
modelled spatial correlation matrices; and plotting system capacity for different 
MIMO configurations. 
From Figure 3.12 (a), the capacity for the measured and modelled matrices has the 
same shape. Due to lacks of the used channel realisation for the measured values, 
there is a difference between the modelled and measured capacity values, since at 15 
dB SNR the capacity for the modelled matrices is 14 bits/s/Hz and equals 12 bits/s/Hz 
for the measured matrices. 
Figure 3.12 (b) shows the relationship between the ergodic capacity and the SNR for 
different MIMO structures. Obviously from this figure, the achieved capacity is 
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increased for increasing the number of transmitting and receiving antennas. At 15 dB 
SNR, the capacity for 4x4 antennas is 14 bits/s/Hz. Reducing the number of antennas 
to be 30 affect system capacity to be 12 bits/s/HZ, while it reaches the 7 bits/s/Hz for 
2x2 antennas. 
3.5Discussion 
In this chapter, the performance of the general MIMO model in according to the 
capacity and BER vs. the SNR was introduced. A general capacity formula is derived 
and then specified to express both closed-loop and open-loop capacities in Section 
3.2. 
In Section 3.3 two SDM techniques were described in order to compare system 
performance of the BER vs. the SNR. It can be concluded that MMSE gives the best 
performance over the ZF technique, while for modulation techniques, the low 
constellation order is better than the high one. 
Furthermore, increasing the system configuration to use larger number of antennas 
will reduce system performance for both of the SDM techniques. 
In Section 3.4, according to spatial diversity, a model to examine the effect of spatial 
correlation on system capacity was introduced. In this section, a channel capacity 
model in a correlated environment is introduced. This model is simple and allows 
study of the effect of correlation on the MIMO capacity explicitly. 
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Chapter Four 
4. A Novel Technique to Reduce PAPR 
4JIntroduction 
The techniques that have been already used to tackle the PAPR problem (as 
mentioned in Section 2.4.4) are divided into two groups. One of them suffers from a 
high degree of computational complexity, while the other suffers from an increase in 
the BER. This chapter describes the new proposition which is denoted by NTRPT. It 
has the advantages over the conventional techniques. For the sake of generalisation, 
the new technique is described based on two types of linear coding, convolutional and 
turbo coding. 
4.2Novel PAPR Reduction Technique 
An OFDM symbol is produced when a number of signals, F, are added together in the 
IFFT stage. Occasionally, if the added signals are in phase with each other, IFFT will 
produce an OFDM symbol with high peak power. Comparing the high peak power of 
the OFDM symbol to its average power will define one of the main drawbacks of 
OFDM, namely, PAPR. The PAPR in dB can be written as 
PAPR= 10 log 10 
f Pp,. k 
I 
dB Fpýg-f (4.1) 
where Ppeak is the maximum power of an OFDM symbol, and Pa, g is the average 
power. Equation 4.1 can be written as 
max X(t)ý 
2 
PAPR= 10 loglo 1_0! 51! 5FT dB (4.2) FT 
f lx(t)l dt 
FT 0 
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where, T is the OFDM symbol period and x(t) is the OFDM symbol which can be 
I, F-I j2nfnt 
expressed as x(t) = == Y- X,, e for 0: 5 t: 5 FT, where X,, is the modulated data 7F 
n=O 
of the n-th subcarrier, fo is the subcarrier frequency, and j= From the definition 
of the OFDM symbol, the average power in (4.1) could be written as: 
1T 
P., g Eflx(t)l - flx(t)l dt T0 
2 n T F-I (j2z_tn) 
Pavg Y_ X, e FT dt 
T 
n=O 0 
1T F-1 2 F-1 pavg ý- f(E X cosQx-t» +(y, X sin(2z 
nt 
n»2 dt To n=o FT n=O FT 
T F-I 
jy X2 Pavg ý-(n )dt 
T0 n=O 
(4.3) 
For simplicity, if a BPSK modulation scheme is used without any channel coding, the 
magnitude of X, I x,, 1, will be equal to one, when tE [0,71 (to be substituted in (4.3)). 
The result of this substitution leads to a direct relationship between average power 
and the total number of subcarriers (the number of the IFFT points), which can be 
taken directly from 
1T 
_ 1X2 P., g =F n 
dt 
T0 
=F (4.4) 
From (4.4), it -can be seen that average power is equal to the number of the BPSK- 
modulated orthogonal subcarriers. Then, from (4.1), the PAPR of uncoded BPSK will 
be equal to I Olog 1o (F) dB. 
This result will be the basis of the proposed technique, NTRPT. From the substitution 
result of (4.4) to (4-1), the PAPR ratio is equal to 10logio(P., g). Thus decreasing the 
average power of the OFDM symbol will decrease its PAPR. 
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After deriving the basis of NTRPT, Figure 4.1 will describe the NTRPT algorithm 
steps. This figure is divided into two main stages: 
- Determination of the track of the OFDM symbol based on its PAPR value. 
- Dealing with the processed OFDM symbol. 
-- ---------------------- 
OFDM symbol 
Yes 
< PAPR < threshold 
No 
Spread the OFDM symbol period 
I -to be "I" times the original one 
Divide the spread symbol to Add 
blocks Delay 
Adding GT (control data 
instead of zero carriers)) 
IF 
One of these stages will be combined with the 
original OFDM signal while the others will be 
sent at the same time from I- I antennas 
Up-conversion and transmission through 
"I" antennas 
II 
L -- ------- --- ------------- -- -- -- ---- ---- -----I 
Figure 4.1: The NTRPT flowchart 
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In the first stage, the NTRPT begins by checking the OFDM symbol to determine if it 
suffers from high PAPR values. The obvious track for the symbol if it is not affected 
is that I versions are transmitted through I antennas. These versions are easily 
generated through a Space-Time encoder. On the other hand, if the symbol has high 
PAPR, it will pass through a time linear encoder after removing the guard interval. 
The encoder will be used for spreading purposes, since linear coding techniques 
increase the symbol period in the time domain. The period of the affected symbol will 
be spread according to the chosen spreading rate. 
The second stage deals with the new symbol, and with choosing the data with the 
lowest PAPR value. The spread symbol will be mapped onto I parallel blocks, each of 
which has the same duration as the conventional symbol duration with a PAPR value 
less than the PAPR of the conventional OFDM symbol. For more details, Figure 4.2 
gives a brief description of the NTRPT block diagram according to the flowchart 
shown in Figure 4.1. 
Unlike conventional techniques, most of which (as described in the previous section) 
suffer from a high degree of computational complexity, NTRPT reduces the 
computational complexity to the first order. 
The added complexity is due to calculating the PAPR of each block and choosing are 
with the lowest value. The following formula shows the needed number of iterations 
iterations = [((I-1) F) +11 
where I is the spreading rate and F is the number of the IFFT points. 
For transmission purposes, the Zero Padded (ZP)-OFDM [1011 is used to add a 
deterministic control sequence instead of the zero carriers. This control data is used to 
recover the affected OFDM symbol at the receiver. After that, these blocks will be 
transmitted through I antennas. 
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PAPR 
Data after IFFT block detector ReMOVIng 
(i. e. OFDM symbols) (P GT APR-<-Pth, ) 
F r-r67dingthe 
affected 
Processing to be transmitted symbol period to be I 
Channel from I antennas times the ori ina 
LI 
Processing 
SfP PAPR and arranging 
detector to be 
(PAPR, 
blocks.,,, Al 
Figure 4.2: The NTRPT block diagram 
Figure 4.2 describes NTRPT process to deal with both of the affected and unaffected 
OFDM symbols by a high PAPR. The OFDM symbol is produced after the IFFT 
stage, this symbol will be examined by a PAPR detector. If the symbol is unaffected 
by a high PAPR it will be processed to be in a suitable fori-nat to be sent through 
MIMO antennas. On the other hand, the guard interval will be removed and the 
conventional symbol will be sent to a spreading block. In this stage removing the 
guard interval is needed just to process the useful data without any redundant data. 
During the spreading block, the conventional symbol will be spread according to the 
spreading rate. The spread symbol will be processed and rearranged in blocks as 
described in Figure 4.3. Each of which has as the same symbol period as the 
conventional symbol before spreading. After that, these blocks are passed a PAPR 
detector, this detector will sort the blocks in ascending arrangement according their 
PAPR values. Then, the block which has the lowest PAPR will join the OFDM signal 
instead of the affected symbol, while the others will be processed to be transmitted 
through I-I antennas. Figure 4.3 explains the processing that is held for the spread 
symbol before entering the PAPR detecting and S/P stages. 
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The spread OFDM symbol 
111 Block Ar 'Ind B 
1))+ 1)t"- P to ck 
Figure 4.3: Processing OFDNI symbol to be (N*(I-I))+l blocks 
In Figure 4.3 the spread symbol with symbol period equals 1 times the conventional 
symbol period is rearranged to be ((N*(I-I)+1) blocks. This is achieved by processing 
the spread symbol with a window length equals N. Thus, each ol'which has the same 
period as the original symbol. During this process, there will be ((N*(I- 1)+ 1) blocks 
to be processed by the second PAPR detector to choose the block with minimum 
PAPR in Figure 4.2. 
These blocks are passed through a PAPR detector to choose the block with the lowest 
PAPR value to be sent instead ofthe conventional symbol. The rest ofthe spread data 
is sent through I- I antennas after passing through ail S/P block. 
4.2.1 Linear Coding techniques 
In this subsection, two types ot' linear coding techniques, convolutional codes and 
turbo codes, will be examined. Convolutional codes can be described in two ways: 
firstly in term of mechanisms for generating the coded data frorn the input data, and 
secondly in terms of trellis which describe constraint that will be satisfied by valid 
transmissions. Turbo codes are dcrined by a number ofconvolutional encoders and 
intcricavcrs. 
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4.2. LI Convolutional Codes 
Figure 4.4 shows the structure of a typical convolutional encoder. In this figure, the 
main structural parameters are a shift register, a set of exclusive-OR (XOR) gates, and 
a multiplexer. In these codes the concept of a codeword is replaced by that of a code 
sequence. The state of the encoder can be defined by the contents of the shift register 
while the input data will propagate through it [ 102]. 
The convolutional encoder can be described by three different structures: systematic 
nonrecursive, nonsysternatic nonrecursive, and systematic recursive structures. 
Systematic encoders are so called because the source bits are reproduced transparently 
in the transmitted stream. Nonrecursive encoders have no feedback. 
Shift reýzlster 
Figure 4.4: Typical Convolutional Coder 
The present study concentrates on the nonsysternatic nonrecursive encoders because; 
the nonsysternatic codes have error-correcting abilities. The proposed technique aims 
to increase the length of the affected symbol and change the sample as much as 
possible. 
4.21.2 Turbo Codes 
A turbo code is defined by a number of constituent convolutional encoders (the 
constituent encoders may be different, but in practice they are norinally Identical) and 
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an equal number of interleavers which are permutation matrices (i. e. they rearrange 
the order of the data bits in a prescribed, but irregular, manner). Without the 
interleaver, the two constituent encoders would receive the data in exactly same order 
and thus - assume identical constituent encoders - their outputs would be the same 
[ 103]. A generic structure for generating turbo codes is shown in Figure 4.5. 
Figure 4.5: A generic turbo encoder 
A string of source bits is encoded by feeding them into each constituent encoder in 
order of the associated interleaver, and transmitting the bits that come out of each 
constituent encoder. 
4.2.2 Simulation Results 
in order to verify the mathematically derived result, a MATLAB simulation program 
was developed for a basic OFDM symbol. Figure 4.6 shows the block diagram of 
generating a basic OFDM symbol. 
Figure 4.6: Generating an OFDM symbol block diagram 
A uniformly distributed randomly generated data sequence is generated. The variable 
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System Parameters were: 
9 different modulation techniques (BPSK, QPSK, 16QAM, and 64QAM) 
0 IFFT size of 256 
0 two different spreading rates: i=2 and 3 
Table 4.1 surninarises the simulation results for applying the proposed technique 
based on convolutional codes to the generated OFDM symbol in Figure 4.6. Table 4.2 
surninarises the simulation results of the proposed technique based oil tile turbo 
encoder. The block diagram shows the generation of an OFDM symbol with 256 
subcamers based on different modulation techniques. 
From Table 4.1, it can be seen that the proposed technique maintains a significant 
PAPR reduction ratio despite using various modulation techniques. The reductiO 1 11 
ratio of PAPR tor the block diagram in Figure 4.6 reaches 80% and 76% when tile 
spreading rate is equal to I and 2 respectively. 
Table 4.1: The NTRPT simulation results based on convolutional encoder 
PAPR PAPR after the Tile reduction 
before NTRPT(dB) ratio Tile 
Modulation 
tech. 
the Spreading rate Spreading rate improvement 
NTRPT - 0% 
(d B) 2 3 2 3 
BPSK 7.3 3.3 3.1 55- 
---758 
3 
QPSK 11.6 2.8 2.3 76 SO 4 
1()Q"\m 12.4 3.2 2.8 74 77 3 
64QAM 10.7 3.6 3.1 06 71 
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Table 4.2: The NTRPT simulation results based on turbo encoder 
PAPR PAPR after the The reduction 
before NTRPT(dB) ratio (%) The 
Modulation 
the Spreading rate Spreading rate improvement tech. Y NTRPT C O) 
2 3 2 3 
(dB) 
BPSK 4.054 1.133 1.01 72.1 75.1 3 
QPSK 10.07 1.617 1.3445 1 83.8 83.9 i 
0.1 
16QAM 9.418 1.579 1.056 83.2 88.7 
64QAM 8.181) 2.059 1.706 ý 74.9 79.1 4.2 
From Table 4.2 it can be seen that the proposed technique maintains better results 
than those surnmarised in Table 4.1. The redLICtIon ratios of the PAPR increase to 
88.7% and 83.8% when the spreading rate is equal to 3 and 2 respectively. 
Moreover, a slight improvement in PAPR reduction ratios is shown as a consequence 
of using different spreading rates. The improvement yielded by Increasing the 
spreading rate to 3 is shown in the last colunin. This improvement varies depending 
on the modulation techniques themselves. 
4.3Summary 
Due to the main disadvantages of the conventional techniques, specifically 
ique based oil the Ii computational complexity and high data loss, a new lechni incar 
coding techniques such as the convolutional and the turbo encoders is proposed. Part 
of this work is already accepted For publication in [ 104,105]. The work added a first 
order computational complexity instead ofthe high computational compicxity in tlic 
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literature; it also guaranteed that there is no data loss incurred as a result of improving 
the PAPR process. The simulation results show a significant PAPR reduction with a 
simple computational complexity from the first order based on the number of 
subcarriers. 
For convenience, applying this technique to a complete MIMO-OFDM system will be 
described in the next chapter. 
84 
Chapter Five: The NTRPT-MIMO-OFDM System 
Chapter Five 
5. The N IPT-MIIMO-OFDM System 
5. lIntroduction 
In general, the MIN40 and OFDM techniques described in Chapter 2 provide an 
interesting basis for the next generations of wireless communication systems, such as 
WLANs, and DVB-H. This leads to the promising combination of SDM's data rate 
enhancement with OFDM's relatively high spectral efficiency and the resistance to 
frequency selective fading and narrow band interferences of OFDM. Moreover, the 
combination between MIMO and OFDM techniques results in a number of issues, 
which need to be dealt with, including MIMO channel performance (i. e. a proper 
channel, the capacity and the BER) and the main problems of the OFDM techniques, 
must also be addressed such as those concerning nonlinearity, and synchronisation. 
in chapter 3, a new MIMO channel model was proposed which would give in-depth 
understanding of the capacity of the MIMO channel and the effect of the correlation 
parameters on the channel performance [106]. In Chapter 4, a proposition of a novel 
technique was presented to combat one of the main problems of OFDM techniques, 
namely PAPR [105]. 
This chapter 
, 
presents the application of the proposed technique in Chapter 4 to a 
MIMO-OFDM system. In Section 5.2, MIMO-OFDM system architecture will be 
described as will the MIMO-OFDM signal model will be described in Section 5.3. 
The simulation results will be given and discussed in Section 5.4, while a conclusion 
is drawn in Section 5.5. 
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5.2NTRPT-MIMO-OFDM system architecture 
In the MIMO-OFDM system, the NTRPT is placed after the IFFT stages in Figure 
5.1. The NTRPT is based on linear coding techniques, which reduces the PAPR by 
adding redundant data to reduce the OFDM symbol average power. This redundant 
data is added based on the coding rate. As an example, if the coding rate is 1/2 then 
the resultant data rate will be twice the original rate. The best combination of the 
original data and the redundant data will then be chosen to give the lowest PAPR to 
be sent, whilst the rest of data will be sent to be used at the receiver to recover the 
original data (as presented in Chapter 4). The data will be transmitted through N 
stages, each of which has I antennas through a MIMO channel to be received by M 
antennas. Figure 5.1 depicts the baseband discrete-time block equivalent model of an 
N stage NTRPT-MIMO-OFDM transmission part with F subcarriers for each stage. 
Input Data 
NI 
f 
Figure 5.1 (a) 
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Figure 5.1 (b) 
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NTRPT Block 
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Figure 5.1 (c) 
Figure 5.1: a) the NTRPT-MIMO-OFDM system transmitter block diagram, b) The MIMO- 
OFDM modulator and coder Block and c) The NTRPT Block 
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For the sake of clarity, the NTRPT-MIMO-OFDM transmitter will be limited to the 
use of 
a) turbo coding as a coding technique with coding rates 1/2 and 1/3 
b) BPSK, QPSK, 16QAM and 64QAM as modulation techniques 
c) V-BLAST and STBC (i. e. Alamouti encoders) were used as MIMO 
encoders 
d) 256-IFFT points 
e) spreading rates are equal to 2 and 3 
In Figure 5.1 (b), the MIMO-OFDM modulator and coder block consists of two parts: 
the MIMO encoder and the OFDM modulator. MIMO encoders are divided into two 
main parts, V-BLAST and STBC, as described in Figure 5.1 (b). V-BLAST is used 
for increasing the overall throughput expressed in terms of bits/symbols, while STBC 
is used in increasing the system's transmitting diversity gain. 
The OFDM modulator consists of the IFFT blocks and a mechanism for adding the 
cyclic prefix in order to form the OFDM symbol with guard interval. After the IFFT 
stage and dud to the coherent addition of the independently coded and modulated 
subcarriers to produce an OFDM symbol, a large PAPR ratio could appear. Thus, 
NTRPT was placed after the MIMO-OFDM modulator and coder block to complete 
the transmitter part of the baseband discrete-time block in Figure 5.1. 
The NTRPT is described in detail in Chapter 4. Figure 5.1 (c) shows its schematic 
block diagram and describes the paths of both of the affected and unaffected OFDM 
symbol by high PAPR. 
Figure 5.2 describes the suggested receiver for the NTRPT-MIMO-OFDM system. 
The receiver part will implement reverse process of the main transmitter blocks 
shown in Figure 5.1. As an example, the demodulation block will be limited for 
BPSK, QPSK, 16QAM and 64QAM demodulation techniques and the turbo decoder 
for the decoding block limited to a decoding rate of 1/2 and 1/3. 
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Figure 5.2: a) the NTRPT-MIMO-OFDM system receiver block diagram, b) the processing 
Block and c) the detecting Block 
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The first block in Figure 5.2 (a) is the processing block. This block describes the 
tracks of the received signals whether dependant on the signal were generated from 
affected OFDM symbols (i. e., the GI can be classified as a control sequence) or not. 
According to the control sequence, the received signals will be rearranged to 
reproduce the transmitted data correctly. 
As was mentioned earlier, these signals will subsequently pass through a reverse 
process of what was described in Figure 5.1, and will then pass through the detecting 
block, as described in Figure 5.2 (c). The MIMO detecting stage is the first stage of 
the detecting block. The types of MIMO detectors, ZF and MMSE, are described 
earlier in Subsection 2.2.2.2. 
5.3 The NTRPT-MIMO-OFDM Signal Model 
Having described the structure of the NTRPT-MIMO-OFDM system in the last 
section, this section will introduce the signal model for this system without coding 
techniques. The relation between the transmitted and received symbols will thus be 
captured in matrix form. 
As explained in the previous section, this system has a number of transmitting 
antennas denoted by K (where K= NI, N is the conventional number of transmitting 
antennas and I is the spreading rate) and M receiving antennas. At each sampling 
interval n, there is a transmitted K-dimensional complex vector s(n) and a received M- 
dimensional complex vector r(n) through a frequency-selective Rayleigh fading 
environment. 
The fading channel between the transmitter and the receiver can be represented by a 
(L-I)-th order finite impulse response (FIR) filter with filter taps gqp(O, with I= 
o,..., L- I (i. e., the channel impulse response can be achieved by L samples). Suppose 
gqp(l) represents the (qp)-th element of the channel impulse response matrix, G(O, 
with p=l,.., K and q=l,.., M. Figure 5.3 describes the transformation between S(n) and 
r(n) through a line tapped delay line. 
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From the assumption that movement of the user is negligible during transmission, the 
relationship between S(n) and r(n) can be defined by the quasi-static MIMO 
relationship. This relation can be described clearly from the figure shown above as 
L-1 
r(n) =1 G(I) S(n-ý 
Furthermore, the thermal noise is usually added to the system as AWGN. Thus, (5.1) 
will be modified to accommodate the thermal noise as 
L-1 
r(n) =Z G(I) S(n-I)+n(n) (5.2) 
where n(n) is the thermal noise added to the system at the n-th sample. The elements 
of n(n) and S(n), are assumed to be i. i. d zero mean complex elements with variance 
22 Un and as respectively. 
After modelling the MIMO by its signal representation, the frequency selectivity and 
ISI will be dealt with by applying OFDM, and by applying NTRPT to reduce PAPR. 
A guard interval of N, samples must be added to an N(, subcarriers-OFDM symbol in 
order to reduce the ISI effect. Thus, an OFDM symbol will consist of N,,,,,, = N(- + Ng 
complex samples. 
After defining the OFDM symbol structure, it will be introduced to (5.2) as follows: 
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1) The modulated symbols (as an example QAM symbols) to be sent on the j-th 
MIMO-OFDM symbol is defined by 
( d(0, j) " 
d'U) 
ý, d(NC - 1, 
(5.3) 
where the dimensions of d'(j) are NCNx1 (i. e., d(ij) denotes the NxI MIMO 
vector that is transmitted on the i-th subcarrier of the i-th MIMO-OFDM 
symbol). 
2) The IFFT is applied at the transmitter to produce an OFDM symbol as shown in 
Figure 5.1(b). This process transforms the frequency domain into time the 
domain. 
'Equation 
2.20 will then represented as follows 
SY) = J-c (F-101N) d'U) (5.4) 
where 0 represents the Kronecker product, F1 equals the Nc xNC IFFT matrix 
and IN represents NxN identity matrix. 
I W-1 W-2 ... W-(Nc-l) 
F-1 =I W-2 W-4 ... W-2(Nc-l) (5.5) 
i W-(NC-1) W-2(Nc-l) ... W-(NC -1)2 
where W= e 
(-j2n/Nc) 
-N 
3) The cyclic prefix can be stacked on top of the OFDM symbol in (5.4). This is 
done by taking the last NgN elements of SO) and stacking them on its beginning 
to produce the vector S'(j). In matrix notation this can be written as 
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SIU) = AiSY) = 
INg 
OIN SU) 
INC 
where 0 is zero matrix with an Ngx (Nc-Ng) dimension. 
4) The NTRPT process is defined as follows: 
1) in case S'(j) does suffer from the PAPR problem, 
a) the cyclic prefix will be discarded. 
b) SU) will go through a spreading technique to produce Scy). 
sc(O, j) 
SCU) 
,, sc(INC - 1, j), 
(5.6) 
(5.7) 
where Sc(j) dimensions are NcKxl (i. e. sc(ij) denotes the Nxl MIMO 
vector that is transmitted on the i-th subcarrier of thej-th MIMO-OFDM 
symbol). 
c) Equation (5.7) will be written to be I blocks 
Scb(O, j) 
SC(j) 
ý, SCb 
V A, 
(5.8) 
where SCb(aj) dimensions are NNCxI and a denotes the block that is 
transmitted for thej-th MIMO-OFDM symbol 
d) the control sequence data will be attached to (5.8) to complete the format 
of the MIMO-OFDM symbol 
I-' 
Scb'(O, j) 
S' new (j) = (5.9) 
OCb I (I - 19 A, ý 
where scb'(aj) dimensions are (NC+Ng)Nxl, and can be defined as 
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01 esd (0) 
SCbl (0, A 
scb'(aj) 
csd (N - 1) 
\, scbl (N - 1, j), 1 
where csd(a) is the control sequence data matrix with an NgxI 
dimension and and SCb1 is the OFDM symbol to be transmitted through 
the a-th antenna with NcxI dimension. 
11) In case where S'Y) does not suffer from the PAPR problem, (5.6) will be 
modified to 
S'(a) 
S'-new(i) (5.11) 
5) Finally, the signal is transmitted over the frequency-selective channel as in 
(5.2). In case ISI occurs, its assumed that the only significant interference 
comes from the preceding MIMO-OFDM symbol S' - 
new(j-1). Under this 
assumption, the convolution in (5.2) can be represented as 
r'U) = G'S'_new(i)+ GlsS'_new(i-l)+n'(i) (5.12) 
where the size of Wand GIs, equals M(N, +Ng)xK(N, +Ng), and G' is defined by 
Go 
0 
GL-1 ... Go (5.13) G'= 
0 
GL-1 ... G 0', 
where G' represents G1 = G(O. GIs, is a matrix with all elements equal to zero, except 
for the M(L-I)xK(L-1) elements of the uppcr-right comer, these are defined by the 
upper-triangular block matrix 
94 
Chapter Five. The NTRPT-MIMO-OFDM System 
G(L-1) G(L) 
(5.14) 
0G (L - 1), 
Furthermore, S'-newU) and nU) are, respectively, defined by 
' S'_nei4ýjTtt, + 0) " 
S'-new(i) 
ý, 
S'_new(jTtotal +Ttotal-1), 
and 
0' n(jT, t, + 0) 
n'(k) (5.15) 
ý, n(iTtotal +Ttolal-1), 
Note that when ISI from more than one MIMO-OFDM symbol has to be taken 
into account, matrix notation becomes impractical and one should use (5.2). 
At the receiver, the received data can be transformed to a matrix representation as 
follows: 
1) First the guard interval is checked. 
a) If it is a cyclic prefix, it will be discarded. This is done by discarding the 
first NgM samples of r'(j) as follows 
rl_newU)= A2r'(j) (5.16) 
where A2 can be defined as ((ONx7vg IN, ) 0 Im). 
b) If it is a control sequence data, then the received data will be rearranged 
to be in the correct sequence. 
2) The FFT is then perfonned: 
(F 01 M)r' nen(j) 77, 
where F denotes the NcxNc Fourier matrix, and x'o) is defined as 
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x(o, j) IY) 
,, x(Nc - 1, j), 
(5.18) 
where x(i, k) denotes the AAI received MIMO vector on the i-th subcarrier of 
thej-th MIMO-OFDM symbol. 
5.4Simulation Results 
The NTRPT technique proposed in this chapter for a MIMO-OFDM system has been 
simulated in MATLAB in order to evaluate its performance. The main parameters that 
are used for the simulation are shown in Table 5.1. 
Table 5.1: The main paarmeters; that are used In the simulation 
Modulation techniques BPSK, QPSK, 16-QAM and 64-QAM 
Coding technique Turbo encoder, Convolutional encoder 
Coding rate 1/2 and 1/3 
Number of subcarriers 256 
MIMO encoders V-BLAST and STBC 
Spreading rate 2 and 3 
Guard Interval 0.25 
In this simulation, a larger number of subcarriers were used, than WLAN IEEE 
802.11, which uses 256 subcarriers. This is because of the aim, which is supporting 
the high quality multimedia applications by increasing the overall system data rate. 
Increasing the number of data subcarriers will increase the data accommodated in the 
OFDM symbols, but will also increase the PAPR as will. Moreover, this section a 
comparison will be draw between the results of the NTRPT in combating the PAPR 
with those of some conventional techniques, clipping and Partial Transmit Sequence 
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(PTS) techniques, and will compare the performance of NTRPT with different linear 
encoding techniques. The main parameters that are used for this simulation are shown 
in the following table. 
5.4.1 NTRPT based on Turbo encoder Compared to the 
Conventional Techniques 
Subsection 5.4.1.1 will concentrate on the results achieved from applying the NTRPT- 
based turbo coding to MIMO-OFDM systems. These results will be compared to 
those of the conventional clipping and PTS techniques as shown in Subsection 5.4.1.2 
and Subsection 5.4.1.3 respectively. 
5.4.1.1 NTRPT to reduce the PAPR problem 
The following tables and figures will give a sample from the achieved results to give a 
brief idea about the effectiveness of achieved improvement in reducing the PAPR. 
Table 5.2 shows the results achieved by using NTRPT-MIMO-OFDM based on a 
BPSK, QPSK, 16QAM and 64QAM modulation techniques. 
From this table, the success of the proposed technique in combating PAPR is clearly 
noticeable, since a significant PAPR reduction ratio was achieved for different 
MIMO-OFDM configurations (i. e., different combinations of modulation techniques, 
MIMO encoders, coding rates and spreading rates). In case of using a BPSK 
modulation technique, PAPR reduction ratio reaches 88.4% and 86.7% when using a 
spreading rate of 3 and 2 respectively. These ratios remain approximately the same 
when the modulation technique is changed to 64QAM, which they reach the 89% for 
spreading rate equals 3 and 86.4% when the used spreading rate was 2. 
Moreover, increasing the spreading rate will increase the achieved PAPR reduction 
for both situations; BPSK and 64QAM. The improvement in the reduction ratio when 
the spreading rate is changed from 2 to 3 equals 8.7% and 6.2% when using BPSK 
and 64QAM modulation techniques respectively. 
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Table 5.2: Applying the NTRPT to a NIl. NlO-OFD. NI systern based on turbo encoder 
PAPR afte 
Reduction 
Improverricrit 
PA PR applying 
ratio 
in reduction 
belore NTRPT(dB) ratios 
Modulation Coding MIMO 
tech. rate encoding 
applying Spreading Spreading according 
NTRPT rate rate the spreading 
(dB) rates 
2 3 2 3 
I 
STBC' 12.264 2.989 1.916 75.6 84.3 8.7 
1/2 
12.851 2.77 1.832 78.5 85.7 7.2 
BPSK 
STBC 10.366 2.575 2.012 73.4 90.6 7.2 
1/3 
V-BLAST 13.994 1.855 1.625 86.7 88.4 1.7 
STBC 10.394 2.386 2.354 77.0 77.4 0.4 
1/2 
V-BLAST 14.397 2.977 2.706 79.3 81.2 1.9 
Ql" ,, K . STBC 11.252 4.022 3.879 64.3 65.6 1.3 
1/3 
V-BLAST 12.824 1.56 1.329 84.7 89.6 4.9 
STBC 8.307 1.187 1.058 85.7 873 1.6 
1/2 
V-BLAST 10.601 1.956 1.430 81.5 86.5 
16QAM - 
I 
S, TB(' 11.610 1.951 1.576 84.0 96.4 2.4 
1,, 3 
V-131-AST 11.980 1.750 1.709 85.4 85.7 
1,2 ST13( 9.517 1.401 1.314 85.2 86.2 1 
V-BLAS 1 11.728 1.590 1.517 96.4 87.1 0.7 
64QAM 
STBC 13.180 2.261 1.444 82.8 89.0 6.2 
1/3 
V-BLAST 13.013 2,133 2.011 83.6 85.0 1.4 
For clarity, the CCDF plots for tile achieved results in the previous tables are 
displayed. The C'CDF is calculated to show the probability of the PAPR that will 
exceed some threshold. Figures 5.4-5.11 show the calculated CCDF for the achicvcd 
rcsults of using NTRPT-MIMO-OFDM bascd on diftlerent modulation tcchniques, 
BPSK, QPSK, 16QAM and 64QAM. 
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Figure 5.41: The CCDF for the NTRPT-MIMO-OFDM system based on a BPSK modulation 
tehenique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 1/3. 
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Figure 5.5: The CCDF for the NTRPT-MIMO-OFDM system based on a BPSK modulation 
tehcnique. (a) V-BLAST with coding rate 1/2 and (b) V-BLAST with coding rate 1/3 
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In Figure 5.4 the CCDF plots are described for using a STBC MIMO encoder with 
coding rates 1/2 and 1/3 respectively, while in Figure 5.5 the MIMO encoder is 
changed to V-BLAST. The probabilities that dose exceed a4 dB threshold as an 
example in Figure 5.4 part (a) are reduced from 9.5xlO-1 to 4. IxIO-1 and I. 2xIO-' when 
the spreading rate is changed from 2t o3 respectively. These probabilities are 
improved from 9.4xlO-1 to 3xIO-1 and I. 5xIO-' in part (b) for spreading rate equals 2 
and 3 respectively. Changing MIMO encoder to be V-BLAST in Figure 5.5 parts (a) 
reduces the probabilities for using spreading rate equals 2 from 9.6xlO-l to 3.5xlO-1 
and to 9.6x 10-2 when the spreading rate is changed to 3. In part (b), using spreading 
rate equals 2 reduces the probability from 9.3xlO-' to 9.8XIO-2. Increasing the 
spreading rate to 3 improves the probability to 4.8x 1 0-2. 
Changing the modulation technique will affect the achieved CCDF plots. Thus 
Figures 5.6 and 5.7 will cover the CCDF plot for the STBC and the V-BLAST 
respectively. 
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CCDF Plots/ OPSK 
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Figure 5.6: The CCDF for the NTRPT-MIMO-OFDM system based on a QPSK modulation 
technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 1/3 
Figure 5.6 plots the CCDF curves for NTRPT-MIMO-OFDM system based on QPSK 
modulation technique. Part (a) describes the plots for usIng a STBC MIMO encoder 
with coding rate equals 1/2. At 4 dB threshold as an example, the probabilities that 
dose exceed the given threshold are reduced from 9.2xlO-1 to 2.5xlO-l and 2.42xlO-' 
when the spreading rate is changed from 2t o3 respectively. These probabilities are 
improved from 9.7xlO-' to 6xlO" and 5.7xlO-1 in part (b) (i. e., the coding rate is 
changed to 1/3), for spreading rate equals 2 and 3 respectively. 
As a conclusion, changing the modulation technique did not affect the powerfulness 
of the NTRPT in reducing the PAPR values. This is according the noticeable 
differences between the CCDF plots before and after using NTRPT to combat the 
effect of PAPR. 
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Figure 5.7: The CCDF for the NTRPT-MIMO-OFDM system based on a QPSK modulation 
technique. (a) V-BLAST with coding rate 1/2 and (b) V-BLAST with coding rate 1/3 
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Changing MIMO encoder to be V-BLAST with using a QPSK modulation technique 
still does not affect the achieved reduction ratios from using NTRPT. In Figure 5.7 
parts (a), it reduces the probabilities for using spreading rate equals 2 from 9.45xIO-1 
to 4.2xlO-l and to 3.5xlO-1 when the spreading rate is changed to 3. In part (b), using 
spreading rate equals 2 reduces the probability from 9.3xIO-' to I. 3xIO-'. Increasing 
the spreading rate to 3 improves the probability to I. 2x 10-2. 
Trying to cover the usage of NTRPT in the 3G systems, thus the modulation 
technique is changed to be 16QAM. This step is covered in Figures 5.8 and 5.9. 
Figure 5.8 is divided into two parts; each of them shows CCDF plots for a specific 
spreading rate. Part (a) the NTRPT is applied with spreading rate equals 2, while part 
(b) shows the results from increasing the spreading rate to be 3. 
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Figure 5.8: The CCDF for the NTRPT-MIMO-OFDM system based on a 16-QAM modulation 
technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 113 
In Figure 5.8, parts (a) and (b), the CCDF plots are described for using a STBC 
MIMO encoder with coding rates 1/2 and 1/3 respectively. The probabilities that dose 
exceed a4 dB threshold as an example in part (a) are reduced from 8.8xlO-l to 7.2xlO-2 
and 2.1XIO-2 when the spreading rate is changed from 2t o3 respectively. These 
probabilities are improved from 9.4xlO-' to 9.4xI 0-2 and 4.1 X 10-2 in part (b) for 
spreading rate equals 2 and 3 respectively. 
Changing MIMO encoder to be V-BLAST is shown in Figure 5.9; in part (c) reduces 
the probabilities for using spreading rate equals 2 from 9.2xlO-' to 1.4xlO-' and to 
1.2xl 0-2 when the spreading rate is changed to 3. In part (d), using spreading rate 
equals 2 reduces the probability from 9.5xlO-' to 7.3x 10-2. Increasing the spreading 
rate to 3 improves the probability to 6.6x 10-2. 
Also from Figure 5.8 and 5.9, the reduction ratios are still high even the modulation 
technique is changed to 16QAM. 
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Figure 5.9: The CCDF for the NTRPT-MIMO-OFDM system based on a 16-QAM modulation 
technique. (a) V-BLAST with coding rate 1/2 and (b) V-BLAST with coding rate 113 
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For the sake of generality, the 16QAM modulation technique is changed to 64QAM. 
Therefore, if the NTRPT success in reducing the high PAPR value, it will be proposed 
to the usage in an adaptive systems. Figure 5.10 and 5.11 will cover the achieved 
results of using the 64QAM with different MIMO encoders. 
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Figure 5.10: The CCDF for the NTRPT-MIMO-OFDM system based on a 64-QAM modulation 
technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 1/3 
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Figure 5.11: The CCDF for the NTRPT-MIMO-OFDM system based on a 64-QAM modulation 
technique. (a) V-BLAST with coding rate 1/2 and (b) V-BLAST with coding rate 1/3 
108 
Chapter Five: The NTRPT-MIMO-OFDM System 
Figure 5.10 plots the CCDF curves for NTRPT-MIMO-OFDM system based on 
64QAM modulation technique. Part (a) describes the plots for using a STBC MIMO 
encoder with coding rate equals 1/2. At 4 dB threshold as an example, the 
probabilities that dose exceed the given threshold are reduced from 9.2xlO-1 to 
1.4xlO-2 and l. lXlO-2 when the spreading rate is changed from 2t o3 respectively. 
These probabilities are improved from 9. IxIO-l to 2xlO-1 and 2. IXIO-2 in part (b) (i. e., 
the coding rate is changed to 1/3), for spreading rate equals 2 and 3 respectively. 
Figure 5.11 describes the results from changing MIMO encoder to be V-BLAST. In 
parts (a) reduces the probabilities for using spreading rate equals 2 from 9.4xlO-1 to 
4.5xlO-2 and to 3. IXIO-2 when the spreading rate is changed to 3. In part (b), using 
spreading rate equals 2 reduces the probability from 9. IxIO-' to I. 9xlO-1. Increasing 
the spreading rate to 3 improves the probability to I. 5xlO-1. 
5.4.1.2 Clipping technique to reduce the PAPR problem 
The next step is the evaluation of the performance of the present technique in 
comparison to, conventional ones. Table 5.3 summarises the results by using the 
clipping technique to combat the existence of high PAPR. 
From Table 5.3, it is obvious that the proposed technique gave an improvement in 
PAPR reduction ratios more than clipping technique. The success of clipping 
technique in reducing the PAPR values does not approximately exceed the 19%. In 
case of using a BPSK modulation technique, PAPR reduction ratio reaches 19.3% and 
19% when the modulation technique is changed to 64QAM. For more clarity, Figures 
5.12-5.15 show the CCDF plots of the results achieved in Table 5.3. 
As a comparison with what are achieved in the previous subsection, the following 
figures will cover the CCDF plots for different modulation techniques as will as 
different MIMO encoders. 
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Table 5.3: Applying the clipping technique to a NIINIO-OFDNI system 
APR before PAPR after 
The 
Modulation Coding MIMO 
using the using the 
reduction 
clipping clipping 
tech. rate encoding ratio 
technique technique 
(d 13) (d B) 
ST13C 17.676 19.3 
V-BLAS 1 21.250 19.363 ýllsl. 8 
BPSK 
STBC 21.939 18.689 14.8 
1,3 
V-BLAS F 23.939 22.163 7.4 
STIR 22.163 17.011 23.2 
1/2 
V-BLAS 1 22.126 20.2526 X. 
OPSK 
ST13C 22,995 17.848 22.4 
1/3 - 
V-BLA'S V 21.662 17.790 17.9 
STBC 22.444 17.952 20.0 
1/2 
N/'-BLAS 1 23.810 19.163 19.5 
16QAM 
STBC 22.595 17.437 22.8 
13 
V-BLA'S'l 20.498 17.214 16.0 
STBC' 19.901 16.928 14.9 
112 - V-BLAST 20.282 17.927 1 1.6 
64QAM 
STBC 23.876 18.790 21.3 
V-BLAS 1 19.886 16.110 19.0 
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Figure 5.12: The CCDF for using the clipping technique in a MlMO-OFDM system based on a 
BPSK modulation technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 113 
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Figure 5.13: The CCDF for using the clipping technique in a MIMO-OFDM system based on a 
BPSK modulation technique. (a) V-BLAST with coding rate 1/2 and (b) V-BLAST with coding 
rate 1/3. 
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Figure 5.12 shows the CCDF plots for the clipping technique with BPSK modulation 
technique. In part (a), the probability of the PAPR values that exceed the 4 dB 
threshold is reduced from 9.83xlO-l to 9.75xIO-1 with coding rate equals 1/2. For 
coding rate equals 1/3, it is reduced from 9.84x 10-' to 9.77x 10- 1 in part (b). 
To cover changing the used MIMO encoder to V-BLAST, Figure 5.13 displays the 
CCDF curves. It is clearly that it improves the probability from 9.82x 10-1 to 9.78x 10-1 
in part (c) (i. e., the coding rate equals 1/2). Using coding rate equals 1/3 in part (b) 
reduces the probabilities from 9.86xlO-' to 9.83xlO-l. 
Figures 5.14 and 5.15 show the CCDF plots for changing the modulation technique 
from BPSK to QPSK. Figure 5.14 consists of two parts, parts (a) and (b) describing 
the CCDF plots for using STBC MIMO encoder with coding rates equals 1/2 and 1/3 
respectively. On the other hand, Figure 5.15 shows the CCDF plots for changing the 
MIMO encoder to be V-BLAST. It describes in parts (a) and (b) respectively for the 
coding rates 112 and 1/3. 
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Figure 5.14: The CCDF for using the clipping technique in a MIMO-OFDM system based on a 
QPSK modulation technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 1/3 
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Figure 5.15: The CCDF for using the clipping technique in a MIMO-OFDM system based on a 
QPSK modulation technique. (a) V-BLAST with coding rate 1/2 and (b) V-BLAST with coding 
rate 1/3 
In Figure 5.14 the modulation technique is changed to QPSK. In part (a), the 
probability of the PAPR values that exceed the 4 dB threshold is reduced from 
9.84xlO-1 to 9.72xlO- 1. For coding rate equals 1/3, it is reduced from 9.85xlO-l to 
9.74xl0-I in part (b). On the other hand changing the used MIMO encoder in Figure 
5.15 to V-BLAST improves the probability from 9.84xlO-l to 9.81xlo-l in part (a) 
(i. e., the coding rate equals 1/2). Using coding rate equals 1/3 in part (b) reduces the 
probabilities from 9.83xlO-l to 9.75xlO-l. 
Figure 5.16 shows the CCDF plots for changing the modulation technique to 16QAM. 
The CCDF plots arc divided into parts (a) and (b) describes the CCDF plots for using 
STBC MIMO encoder with coding rates equals 1/2 and 1/3 respectively. The CCDF 
plots for changing the MIMO encoder to be V-BLAST is described in Figure 5.17 
parts (a) and (b) respectively for the coding rates 1/2 and 1/3. 
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Figure 5.16: The CCDF for using the clipping technique in a MIMO-OFDM system based on a 
16-QAM modulation technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 1/3 
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Figure 5.17: The CCDF for using the clipping technique in a MlMO-OFDM system based on a 
16-QAM modulation technique. (a) V-BLAST with coding rate 1/2 and (b) V-BLAST with coding 
rate 1/3 
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Figure 5.16 shows the CCDF plots for the clipping technique with 16QAM 
modulation technique. In part (a), the probability of the PAPR values that exceed the 
4 dB threshold is reduced from 9.84xlO-1 to 9.76xlO-l with coding rate equals 1/2. For 
coding rate equals 1/3, it is reduced from 9.85xlO-l to 9.74x]O-l in part (b). 
Figure 5.17 describes the improvement as a result of changing the used MIMO 
encoder to V-BLAST in the probability from 9.86xlO-' to 9.78xlO-' in part (a) (i. e., 
the coding rate equals 1/2). Using coding rate equals 1/3 in part (b) reduces the 
probabilities from 9.8 1x 10-' to 9.73x 10-1. 
For using 64QAM modulation technique, the CCDF plots are shown in Figures 5.18 
and 5.19. both of these plots are divided into two parts, parts (a) and (b) describes the 
CCDF plots for using different spreading rates equals 1/2 and 1/3 respectively. In 
Figure 5.18, the MIMO encoder is chosen to be STBC encoder. While the CCDF 
plots for changing the MIMO encoder to be V-BLAST is described in Figure 5.19. 
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Figure 5.18: The CCDF for using the clipping technique in a MIMO-OFDM system based on a 
64-QAM modulation technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 1/3 
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Figure 5.19: The CCDF for using the clipping technique in a MIMO-OFDM system based on a 
64-QAM modulation technique. (a) V-BLAST with coding rate 1/2 and (b) V-BLAST with coding 
rate 1/3 
In Figure 5.18 the modulation technique is changed to 64QAM. In part (a), the 
probability of the PAPR values that exceed the 4 dB threshold is reduced from 
9.8xlO-l to 9.72xIO-'. For coding rate equals 1/3, it is reduced from 9.86xlO-' to 
9.78xIO-' in part (b). Changing the used MIMO encoder to V-BLAST In Figure 5.19 
improves the probability from 9.8IxIO-1 to 9.75xIO-1 in part (c) (i. e., the coding rate 
equals 1/2). Using coding rate equals 1/3 in part (d) reduces the probabilities from 
9.8x 10- 1 to 9.7x 10- 1. 
From this subsection, it can be concluded that the reduction ratio achieved by using 
NTRPT are significant according to the achieved from using the clipping technique. 
5.4.1.3 PTS technique to reduce the PAPR problem 
After checking the performance of using the NTRPT with the achieved results from 
the clipping technique, this subsection shows the results of using another conventional 
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PAPR reduction technique. Table 5.4 summarises the results achieved by using the 
PTS technique to combat the highly PAPR. This table demonstrates the results of 
using BPSK, QPSK, 16QAM and 64QAM modulation techniques for different system 
parameters (i. e., coding rates and MIMO encoders). 
Table 5.4: Applying the PTS technique to a NIINIO-OFD. Nl system 
PAPR bef'orc PAPR after 
Modulation Coding mimo The reduction 
tech. rate encoding 
using the PTS using the 
ratio (%) 
(dB) PTS (M) 
STBC 14.25, 10.628 25.5 
1/2 
V-BLAST 9.987 8.376 16.1 
BPSK 
STBC 13.324 9.163 31.2 
113 
V-BLAST 
-- 
13.571 11.965 11.8 
ýTT 14.579 I F 712.4 57 14.5 1/2 
V-BLAST 13.214 11.001 16.7 
QPSK 
STBC 12.681 9.827 22.5 
1/3 
V-BLAS'l 15.189 13.635 10.2 
STBC 13,240 12.884 2.7 
1/2 
V-BLAS-1 12.270 11.695 4.6 
16QAM 
STBC 11.152 9.354 16.1 
1/3 
V-BLAS'l 12.795 9.509 25.7 
STBC 12,423 11.871 4.4 
1/2 
V-BLAST 11.687 10.013 14.3 
64QAM 
STBC 13.424 12.551 6.5 
1/3 
I V-BLAST 12.252 11.125 9.2 
Comparing to the achicved results III the PI'C\ IOLIS two subsections, the reduction 
ratios according the PTS is not quite as high as the achlevcd froni tile clipping 
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technique. Furthermore, both of them did not reach the significant reduction ratios 
that are achieved by applying the NTRPT. The following figures present the CCDF 
plots of achieved results in Table 5.4 for different modulation technique, each of 
which is consists of two parts, parts (a) and (b) describes the CCDF plots for using 
coding rates equals 1/2 and 1/3 respectively. Starting from Figure 5.20, it shows the 
CCDF plots for a STBC MIMO encoder, while changing the MIMO encoder to be V- 
BLAST is described in Figure 5.2 1. 
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Figure 5.20: The CCDF for using the PTS technique in a MIMO-OFDM system based on a BPSK 
modulation technique. (a) STBC with coding rate 1/2 (b) STBC with coding rate 113 
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Figure 5.21: 'Fhe CCDF for using the clipping technique in a MIMO-OFDM system based on a 
BPSK modulation technique. (a) V-BLAST with coding rate 1/2 and (b) V-BLAST with coding 
rate 1/3 
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Figure 5.20 shows the CCDF plots for the elipping teehnique with BPSK modulation 
technique. In part (a), the probability of the PAPR values that exceed the 4 dB 
threshold is reduced from 9.62xlO-1 to 9.31xlO-' with coding rate equals 1/2. For 
coding rate equals 1/3, it is reduced from 9.56x 10-1 to 9.1 x 10-1 in part (b). 
To be more consistences with the previous subsections, the used MIMO encoder is 
changed to V-BLAST and Figure 5.21 concludes the achieved results. The V-BLAST 
encoder improves the probability from 9.23xlO-l to 8.92xlO-l in part (a) (i. e., the 
coding rate equals 1/2). Using coding rate equals 1/3 in part (b) reduces the 
probabilities from 9.57xlO-l to 9.46xlO-l. 
In Figures 5.22 and 5.23 the modulation technique is changed to QPSK. In part (a) 
from Figure 5.22, the probability of the PAPR values that exceed the 4 dB threshold Is 
reduced from 9.63xlO-l to 9.49xIO-1. For coding rate equals 1/3, it is reduced from 
9.5 1x 10-1 to 9.2 1x 10-1 in part (b). Changing the used MIMO encoder in Figure 5.23 to 
V-BLAST reduces the probability from 9.55xIO-1 to 9.36xIO-1 in part (a) (i. e., the 
coding rate equals 1/2). Using coding rate equals 1/3 in part (b) reduces the 
probabilities from 9.66xIO-' to 9.58xIO-'- 
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CCDF Plots/ OPSK 
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Figure 5.22: The CCDF for using the PTS technique in a MIMO-OFDM system based on a 
QPSK modulation technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 1/3 
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CCDF Plots/ OPSK 
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Figure 5.23: The CCDF for using the PTS technique in a MIMO-OFDM system based on a 
QPSK modulation technique. (a) V-BLAST with coding rate 1/2 and (b) V-BLAST with coding 
rate 1/3 
Figure 5.24 shows the CCDF plots for the clipping technique with 16QAM 
modulation technique and STBC MIMO encoder. In part (a), the probability of the 
PAPR values that exceed the 4 dB threshold is reduced from 9.58xIO-' to 9.5IxlO-' 
with coding rate equals 1/2. For coding rate equals 1/3, it is reduced from 9.38x 10-' to 
9.12x 10- 1 in part (b). 
Changing the used MIMO encoder in Figure 5.25 to V-BLAST improves the 
probability from 9.5xlO-1 to 9.43xlO-' in part (a) (i. e., the coding rate equals 1/2). 
Using coding rate equals 1/3 in part (b) reduces the probabilities from 9.52xlO-' to 
9.15x 10-1 - 
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Figure 5.24: The CCDF for using the PTS technique in a MIMO-OFDM system based on a 16- 
QAM modulation technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 1/3 
127 
Chapter Five: The NTRPT-MIMO-OFDM. ývstem 
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Figure 5.25: The CCDF for using the PTS technique in a MIMO-OFDM system based on a 16- 
QAM modulation technique. (a) V-BLAST with coding rate 1/2 and (d) V-BLAST with coding 
rate 1/3 
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Changing the modulation technique to be 64QAM will affect the CCDF plots as it is 
shown in Figures 5.26 and 5.27 for STBC and V-BLAST MIMO encoders 
respectively. Parts (a) and (b) describes in each figure describes the CCDF plots for 
using MIMO encoder with coding rates equals 1/2 and 1/3 respectively. 
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Figure 5.26: The CCDF for using the PTS technique in a MIMO-OFDM system based on a 64- 
QANI modulation technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 113 
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In Figure 5.26 part (a), the probability of the PAPR values that exceed the 4 dB 
threshold is reduced from 9.5xIO-' to 9.45xIO-1. For coding rate equals 1/3, it is 
reduced from 9.57xIO-1 to 9.5xIO-' in part (b). 
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Figure 5.27: The CCDF for using the PTS technique in a MIMO-OFDM system based on a 64- 
QAM modulation technique. (a) V-BLAST with coding rate 1/2 and (d) V-BLAST with coding 
rate 1/3 
130 
Chapter Five: The NTRPT-MIMO-OFDM System 
In Figure 5.27 changing the used MIMO encoder to V-BLAST improves the 
probability from 9.43x1O-' to 9.23xIO-1 in part (a) (i. e., the coding rate equals 1/2). 
Using coding rate equals 1/3 in part (b) reduces the probabilities from 9.48xlO-l to 
9.38xIO-1. 
It is evident from the simulation results shown in Tables 5.2-5.4, that the present 
technique has significantly reduced PAPR for the proposed MIMO-OFDM system. 
This improvement in system performance has been maintained even when different 
combinations of modulation and MIMO coding techniques were used. It can therefore 
be concluded that this work is compatible with adaptive systems and with different 
MIMO designs. 
5.4.2 NTRPT based on Convolutional encoder when compared to 
the conventional techniques 
The previous subsection inspected the performance of NTRPT based on turbo coding 
while this one checks the same performance of NTRPT based on another type of 
linear coding namely convolutional coding. 
The achieved results both from applying NTRPT or conventional techniques are 
presented here. Table 5.5 shows the results of using the NTRPT-MIMO-OFDM in 
conjunction with different modulation techniques, BPSK, QPSK, 16QAM and 
64QAM. 
From this table, the proposed technique gives a noticeable success in combating 
PAPR despite using a different linear coding technique. Comparing to applying turbo 
encoder for spreading purposes, the convolutional encoder did not achieve the same 
PAPR reduction level. The achieved PAPR reduction ratios were still significant for 
using different MIMO-OFDM configurations (i. e., different combinations of 
modulation techniques, MIMO encoders, coding rates and spreading rates). 
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'Fable 5.5: Applying the N"URPT to a NIINIO-OFDNI systern based on convolutional encoder 
PAPR after The 
PAPR 
applying reduction The 
before 
Modulation Coding MIMO 
applying 
NTRPT(dB) ratio (%) improvement 
tech. rate encoding 
NTRPT Spreading Spreading 
(dB) rate rate 0) 
1 
2 3 2 3 
12 S HW 14.4 4.7 3.9 6.7 73 0 
BI'SK V-BLAST 10.9 3.4 2.9 69 72 1 
STBC 9.3 2.9 2.2 68 76 8 
13 
V-BLAST 13.1 3.7 2.4 72 92 1 
STBC 11.4 4.3 3.3 62 71 9 
1`2 
F-BLAST 
12.6 2.9 2.5 77 90 3 
QPSK 
STBC 10.2 4.4 3.9 57 62 5 
1,3 
V-BLAST 11.8 2.6 1.8 78 85 - 
STBC 9.3 1.9 1.4 90 85 
1/2 
V-BLASF 1 12.6 2.7 2.4 79 81 
16QAM 
STBC 9.6 1.8 1.5 81 94 3 
13 
V-BLAST 12.9 3.5 2.7 72 80 8 
STBC 9. ý 1.9 1.4 80 95 5 
1/2 
V-BLAST 13.7 4.1 3.9 70 72 2 
04QAM - 
STBC 12.1 2.6 1.9 79 84 5 
1,3 9- F-BLAST 
11.2 2.1 1.8 81 
1- 
84 
1 
-1 
1 
In case of using a RPSK modulation technique, PAPR reduction ratio reaches 82')/o 
and 72% wlicn using a spreading rate of 3 and 2 respectively. These ratios have a little 
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improvement when the modulation technique is changed to 64QAM, which they reach 
the 85% for spreading rate equals 3 and 81% when the used spreading rate was 2. 
Moreover, increasing the spreading rate has the same effect in increasing the achieved 
PAPR reduction as the same as for using turbo encoder. This is true for both 
situations; BPSK and 64QAM. The improvement in the reduction ratio when the 
spreading rate is changed from 2 to 3 equals 10% and 5% when using BPSK and 
64QAM modulation techniques respectively. 
For clarity, the CCDF plots for the achieved results in the previous table are 
displayed. Figures 5.28-5.35 show the calculated CCDF for the achieved results of 
using NTRPT-MIMO-OFDM based on BPSK, QPSK, 16QAM and 64QAM 
respectively. 
These Figures are divided into two parts each of which compares the CCDF plots for 
different system parameters. Parts (a) and (b), the CCDF plots are described for using 
different coding rates equals 1/2 and 1/3 respectively. 
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Figure 5.28: The CCDF for the NTRPT-MIMO-OFDM system based on a BPSK modulation 
technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 1/3 
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0 
CCDF plots/ BPSK 
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Figure 5.29: The CCDF for the NTRPT-MIMO-OFDM system based on a BPSK modulation 
technique. (a) V-BLAST with coding rate 1/2 and (b) V-BLAST with coding rate 1/3 
in Figure 5.28, the probabilities that do exceed a4 dB threshold as an example in part 
(a) are reduced from 9.2xIO-' to 6.15xIO-1 and 5. IxIO-l when the spreading rate is 
changed from 2 to 3 respectively. These probabilities are improved from 9xio-I to 
3.8x 10-1 and 1.2x 10-1 in part (b) for spreading rate equals 2 and 3 respectively. In part 
(a) from Figure 5.29, changing MIMO encoder to be V-BLAST reduces the 
probabilities for using spreading rate equals 2 from 8.8x 10-1 to 1.7x 10-1 and to 6.1 x 10- 
2 when the spreading rate is changed to 3. In part (b), using spreading rate equals 2 
reduces the probability from 9-IxIO-' to 3.5xIO-'. Increasing the spreading rate to 3 
improves the probability to 2. IxIO-'. 
To compare the achieved results in Subsection 5.4.1, the modulation technique is 
changed and must cover the different modulation techniques even the QPSK or the 
other QAM modulation techniques. Figures 5.29 and 5.30 show the CCDF plots when 
the modulation technique is changed from BPSK to QPSK. 
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Figure 5.30: The CCDF for the NTRPT-MIMO-OFDM system based on a QPSK modulation 
technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 113 
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Figure 5.30 shows the CCDF plots for the clipping technique with QPSK modulation 
technique. In part (a), the probability of the PAPR values that exceed a4 dB threshold 
as an example in part (a) are reduced from 9.15xlO-l to 4.6xlO-l and 4. IxIO-' when 
the spreading rate is changed from 2 to 3 respectively. These probabilities are 
improved from 9.2x 10- 1 to 2.7x 10- 1 and 1.9XIO-2 in part (b) for spreading rate equals 2 
and 3 respectively. Changing MIMO encoder in Figure 5.31 to be V-BLAST in parts 
(a) reduces the probabilities for using spreading rate equals 2 from 9x 10-1 to 5.8x 10-1 
and to 4.5xlO-l when the spreading rate is changed to 3. In part (b), using spreading 
rate equals 2 reduces the probability from 9. IxIO-' to 6.2x 10-2. Increasing the 
spreading rate to 3 improves the probability to 5.1 X 10-2. 
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Figure 5.31: The CCDF for the NTRPT-MIMO-OFDM system based on a QPSK modulation 
technique. (a) V-BLAST with coding rate 1/2 and (b) V-BLAST with coding rate 1/3 
Figures 5.32 and 5.33 show the CCDF plots for a 16QAM modulation technique with 
STBC and V-BLAST MIMO encoders respectively. In Figure 5.32, the probabilities 
that dose exceed a4 dB threshold as an example in part (a) are reduced from 8.9x 10- 1 
to 9.7x 10-2 and 4.1 X 10-4 when the spreading rate is changed from 2 to 3 respectively. 
These probabilities are improved from 9.2lxlO-' to 2.3xlO-' and 6.7x 10-2 in part (b) 
for spreading rate equals 2 and 3 respectively. 
The MIMO encoder is changed to be V-BLAST in Figure 5.33. Part (a) reduces the 
probabilities achieved in Figure 5.32 for using spreading rate equals 2 from 8.8xIO-1 
to 2.25x 10-2 and to 4.3x 10-5 when the spreading rate is changed to 3. In part (b), using 
spreading rate equals 2 reduces the probability from 9.1 x 10-1 to 3.1 x 10-1. Increasing 
the spreading rate to 3 improves the probability to 2.8x 10-1. 
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Figure 5.32: The CCDF for the NTRPT-MIMO-OFDM system based on a 16QAM modulation 
technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 1/3 
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Figure 5.33: 'rhe CCDF for the NTRPT-MIMO-OFDM system based on a 16QAM modulation 
technique. (a) V-BLAST with coding rate 1/2 and (d) V-BLAST with coding rate 1/3 
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For NTRPT-MIMO-OFDM system based on 64QAM modulation technique, Figures 
5.34 and 5.35 show the achieved CCDF curves. 
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Figure 5.34: The CCDF for the NTRPT-MIMO-OFDM system based on a 64QAM modulation 
technique. (a) STBC with coding rate 1/2, (b) STBC with coding rate 1/3 
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Figure 5.35: The CCDF for the NTRPT-MIMO-OFDM system based on a 64QAM modulation 
technique. (a) V-BLAST with coding rate 1/2 and (d) V-BLAST with coding rate 1/3 
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Figure 5.34 part (a) describes the plots for using a STBC MIMO encoder with coding 
rate equals 1/2. At 4 dB threshold as an example, the probabilities that do exceed the 
given threshold are reduced from 9xlO-' to 1. IXIO-2 and RIO -4 when the spreading 
rate is changed from 2 to 3 respectively. These probabilities are improved from 
9.5xlO-' to 5.2xlO-l and 3. IXIO-2 in part (b) (i. e., the coding rate is changed to 1/3), 
for spreading rate equals 2 and 3 respectively. 
in Figure 5.35 changing MIMO encoder to be V-BLAST in parts (c) reduces the 
probabilities for using spreading rate equals 2 from 9.1 x 10-1 to 9.7xlO-2 and to 1.5xlO" 
2 when the spreading rate is changed to 3. In part (d), using spreading rate equals 2 
reduces the probability from 9.2xlO-1 to 5. IxIO-2. Increasing the spreading rate to 3 
improves the probability to 5.4x 10-3. 
5.5Summary 
The architecture and the signal model of the NTRPT-MIMO-OFDM system were 
given in this chapter. The performance of applying NTRPT based on linear encoders 
to a MIMO-OFDM system has been studied by a simulation programmed in 
MATLAB, in addition to an evaluation of NTRPT performance compared to the 
conventional clipping and PTS techniques. 
From the results, it is evident that NTRPT based on linear encoders gives significant 
PAPR reduction ratios compared to conventional techniques. 
it is recommended that the turbo encoder is to be used as a spreading technique in 
NTRPT due to a better PAPR reduction than the convolutional encoder. 
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Chapter Sk 
6. Evaluation and Validation 
6. Hntroduction 
Two test cases are covered in this chapter. Firstly, the proposed technique's results, 
obtained by using the Agilent signal generator and spectrum analyser (89600 Series 
Vector Signal Analysers), are verified. The verification process is based on the Signal 
Studio Toolkit. -Secondly, the proposed 
technique was designed to be implemented to 
a Xilinx Field Programmable Gate Array (FPGA) card for demonstrating and 
validating the results achieved from the simulation. 
Section 6.2 gives an introduction to the Agilent signal generator and spectrum 
analyser and presents comparisons between the results achieved there and those from 
Chapter 4. Section 6.3 introduces the Xilinx FPGA card and the validation process. 
Section 6.4 presents a discussion of this chapter. 
6.2 Validation using Agilent technology 
This section is divided into two parts. Subsection 6.2.1 introduces Agilent technology; 
VSA 89600 series, while Subsection 6.2.2 shows simulation results based on those 
achieved with the Agilent Signal Studio Toolkit. 
6.2.1 Introduction 
The Agilent Technologies 89600 Series Vector Signal Analysers (VSAs) are tools for 
research, product development, manufacturing and field-testing. They can analysc a 
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wide variety of standard and non-standard signal formats. Twenty-three standard- 
signal presets cover the Global System for Mobile Communications (GSM), 
Enhanced Data GSM Environment (EDGE), WCDMA, 802.11 a, 802.11 b and others. 
Also, the analysis is supported through the use of statistical tools likes the CCDF and 
the pdf to characterise the noise-like behaviour of communications signals. 
The signal studio toolkit for 802.11 WLAN provides a powerful signal creation tool 
for testing 8 02.11 a/b/g transceivers. WLAN waveforms can easily be created on your 
PC with a graphical user interface. The generated WLAN signals can be downloaded 
to be analysed by the VSA signal analyser. Moreover, any MATLAB signal can be 
downloaded by using the Signal Studio Toolkit application. For more information, the 
reader can refer to the Agilent company website at www. Aizilent. com. 
6.2.2 Simulation Results and discussion 
By making use of the signal studio toolkit application, the modulated signal generated 
using MATLAB was loaded to be analysed by the VSA and the compared to the 
signals generated using the toolkit for 802.11 WLAN. 
The following figures show the CCDF plots for a MIMO-OFDM system based on 
reference signals, which is analysed by the VSA. These figures show the result of 
using a BPSK, QPSK, 16QAM and 64QAM modulation technique; STBC and V- 
BLAST MIMO encoders; two different spreading rates, 2 and 3; and a coding rate 
equal to 1/2. 
Figures 6.1-6.4 is divided into two parts, the result of the CCDF plots of the MIMO- 
OFDM signals with V-BLAST encoder and CCDF plots of changing the MIMO 
encoder to be STBC. 
These two figures show that the validation of the simulation is achieved, since the 
simulated and analysed signals were found in the same regions. This is achieved from 
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the calculation the standard deviation between these plots. The standard deviation 
results can be shown in Table 6.1. 
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Figure 6.1: Comparing the CCDF plots for simulated MIMO-OFDM signals with the analvsed 
signals using VSA based on BPSK modulation technique and coding rate equal 1/2 (a) V-BLAST 
MIMO encoder (b) STBC MIMO encoder 
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Figure 6.2 (b) 
Figure 6.2: Comparing the CCDF plots for simulated MIMO-OFDM signals with the analysed 
signals using VSA based on QPSK modulation technique and coding rate equal 1/2 (a) V-BLAST 
MIMO encoder (b) STBC MIMO encoder 
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Figure 6.3 (b) 
k 
Figure 6.3: Comparing the CCDF plots for simulated MIMO-OFDM signals with the analysed 
signals using VSA based on 16QAM modulation technique and coding rate equal 1/2 (a) V- 
BLAST MIMO encoder (b) STBC MIMO encoder 
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Figure 6.4: Comparing the CCDF plots for simulated MIMO-OFDM signals with the analysed 
signals using VSA based on 64QAM modulation technique and coding rate equal 1/2 (a) V- 
BLAST MIMO encoder (b) STBC MIMO encoder 
Table 6.1: Standard deviation values for the achieved results from the MATLAB simulation and 
the validatrion using the Agilent VSA 
After using NTRPT 
Before using NTRPT 
Spreading rate =2 Spreading rate =3 
Analysed Analysed Analysed 
Simulated Simulated Simulated 
by VSA by VSA by VSA 
STBC 0.233 0.2357 0.2922 0.286 0.229 0.228 
BPSK V- 
0.236 0.2498 0.282 0.2765 0.225 0.2226 
BLAST 
STBC 0.2891 0.3037 0.262 0.2548 0.2606 0.2568 
QPSK -V- 
0.2062 0.2131 0.2917 0.2852 0.2791 '1754 0. ý BLAST 
STBC 0.3313 0.3478 0.1627 0.1555 0.1457 0.1365 
16QAM -V- 
0.2846 0.319 0.2343 0.223 0.1897 0.1848 
BLAST 
STBC 0.308 0.332 0.1868 0.1817 0.1775 0 0.1735 
64QAM -V- 
0.2598 0.2464 0.2049 0.1894 0.1982 01 go 0.1902 
BLAST 
Table 6.1 describes the standard deviation values of the achieved results from the 
MATLAB simulation and the validation by the Agilent VSA. The conclusion from 
the results shown in this table is as follows: 
The results are divided into three separated groups 
Before using NTRPT 
Using NTRPT with spreading rate equal to 2 
Using NTRPT with spreading rate equal to 3 
The simulated and analysed signals from each part can be considered to 
be from the same group. 
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6.3 Validation using Xilinx technology 
An introduction to the Xilinx technology is given in Subsection 6.3.1, and the process 
of validating the NTRPT-MIMO-OFDM systems is given in Subsection 6.3.2. 
6.3.1 Introduction 
Traditionally, implementing DSP algorithms is maintained by two main methods 
depending on the application speed: 
(a) For low-speed applications, it is implemented using programmable DSP 
chips or fixed ftinction DSP chip-sets 
(b) For higher speeds Application-Specific Integrated Circuits (ASICs) is used 
Advances in Field Programmable Gate Arrays (FPGAs) provide new options for DSP 
design. This is due to the following advantages: 
(a) maintain the advantages of custom functionality 
(b) avoidance of high development costs and the inability to make design 
modifications after production 
(c) addition of design flexibility and adaptability with optimal device 
utilisation while conserving both board space and system power 
The Field Programmable Gate Arrays (FPGA) device contains many logic blocks that 
can be used to realise different kinds of functions. The interconnections between the 
logic blocks and the realisation of the functionality are programmed by the user. 
Therefore, NTRPT-MIMO-OFDM is designed to be implemented to the Digilent D2- 
FT system board (for more information see Appendix B), which contains an FPGA 
device hencý., simulation results can be validated. To help in programming the 
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Digilent D2-FT system board use was made of the Integrated Software Environment 
(ISE) and the verilog Hardware Description Language (HDL). The Digilent board 
employs an FPGA from Xilinx is from the Spartan-11 family. The Spartan 2E series is 
a mature, readily available low cost family, showing clearly that the technique can be 
implemented using low-cost hardware. For more information, the reader can refer to 
www. xilinx. com. 
6.3.2 The validation process 
For the sake of simplicity in programming the NTRPT-MIMO-OFDM transmitter 
diagram shown in Figure 5.1 (a), the transmitter diagram was split into subblocks, 
beginning from generation of the input data block and ending with that of the NTRPT 
block. 
Figure 6.5 shows the split blocks in sequential order according to their places in the 
transmitter diagram. 
oil rr 
Figure 6.5: The main subblocks in the transmitter diagram 
in Figure 6.5, for clarity, the model will be limited to the use of turbo coding with 
coding rate equal 1/2 as a linear encoder, 16QAM as a modulation technique, and 
spreading rate equals 2. The second step is to define the functionality of these 
subblocks, have therefore been built from their basic blocks. 
After simulating the blocks that are shown in Figure 6.5 using the HDL language and 
ISE software, the simulated code can be downloaded to the Digilent D2-FT system 
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board, after which the outputs can be analysed and compared with the results from the 
simulated system using MATLAB. 
The ISE facilitates checking the codes written by using the behavioural test. The 
checking process includes the feasibility of Implementing the code into the system 
board as well as detecting the design errors. Unfortunately, after checking the codes, it 
appeared that the design needs a bigger FPGA device than the one in the Dlgllcnt D2- 
FT system board. Due to the time limitation the results achieved from the behavioural 
test have been used to validate the simulation rcsults of the proposed technique. 
The difference between the behavioural test and the real hardware design is that 
former excludes the effect of parameters such as processing time delay. 
The random number generator can be easily built from a feed back shift register, 
which can be described in Figure 6.6. 
In Figure 6.6, the block consists ol'a 16 bit-shift register. An X-OR process I'Or the 
bits number 12 and 0 is licid to produce the vall. le of' bit IlUmber 16 by a I'ccdback 
process. 
The shift register initialised by spccitic values to case the checkins, process of the 
designed block shown in Figure 6.6, which will be the firstly gcilcratcd data asý shown 
in Figure 6.7. 
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Figure 6.7: The behavioural test result of the random number generator block 
Figure 6.7 monitors the output of the random number generator block with the clock 
cycles starting from the 0 ns. The output of the random number generator block Is 
denoted by "s" and the clock cycles are denoted by "clk". From Figure 6.7, the output 
value, s, started with the following binary sequence 1001010100000001, 
which is the initial value of the feedback shift register. 
After generating the input data to the proposed design, the data is fed to the second 
block from Figure 6.5, turbo encoder. Figure 6.8 shows the basic blocks for the turbo 
encoder subblock as described earlier in Subsection 4.2.1.2. 
Figure 6.8 (a) shows the structure of generation turbo codes with a coding ratio equals 
2. As can be seen, the turbo encoder consists of two identical convolutional encoders. 
The output of these encoders is then serialised to form the turbo encoder output. The 
interleaver is a simple device that rearranges the order of the data bits In a prescribed 
manner. The delay block is used for synchronisation purposes. 
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cod-OLt 
Figure 6.8 (c) 
Figure 6.8: (a) simplifving the turbo encoder into its basic blocks, (b) describing the structure of 
the interleaver block, and (c) describing the structure of the convolutional encoder block 
Where in Figure 6.8 (a), the "clk" denotes the system clock, "Input_data" is the data 
to be encoded using a turbo encoder, "reset" is a rest signal and "Tc-out" is the 
encoded output data. In Figure 6.8 (b), "data-in" is the data to be interleaved, 
"S2p2inter2p2s [N]" denote the N parallel interleaved data and "interlevout" defines 
the interleaved serial data. 
The interleaving process is described in Figure 6.8 (b). This figure shows that the 
interleaved data can be generated by using modulo process based on the depth and the 
length of the process. The researcher used registers with 16 bits width because the 
interleaver was of 4 bit depth and 4 bit length. For this interleaving process the first 
and last bits remain the same without interleaving, while the others 11ollow this 
formula: 
S2p2intcr2p2s [n] = modulo(Length*n, N-1), n=1,..., N-2 
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where niodulo(a, b) denotes the Modulo operation bemeen the number a and the 
number b; "Length" defines the intcrleaver length, in this case equals to 4 and N 
denotes the result of' multiplying the interleavcr depth by its width, in this case N= 
4A. 
The convolutional coding is easily attained by using a serial shift register, shown as 
D_in(. ), and XOR gates. This shil't register is initialiscd by zeros. The cxcluslvc-OR 
(XOR) gates are used to produce the convolutional encoded data. The width of' this 
shill register is 5 bits. The coded output can be achieved by using the resultant outputs 
from XOR (D-in[4], D-in[2]) and XOR (D-in[3], D-in[ I ], [)-In[O]) as Inputs to the 
XOR gate which produces the convcod out, wlicre XOR" (c, d) denotes the XOR 
proccss to the inputs c and d. 
The outputs from the delay block and the second convolutional encoder, namely 
-del2tc-ps" and -concod22tcps- respectively will be combined together by a P/S 
block to form the output of the turbo encoder block. According to the description of' 
Figure 6.8 (c), Figure 6.9 shows tile encoded data from the 1-irst convolutional 
encoder. The output is denoted by "com, codout". Starting from tile 0 ns, '['able 6.2 
describes part of the encoded data. 
Table 6.2: Describing the expected encoded da(a 
data-in D_in(4) D_ln(3) D_in(2) Din(l) D_in(O) 
initial vaILIC 0 0 
0 0 0 
0 0 0 0 
0 0 
I 1 0 0 
0 0 1 0 0 1 
C()Il%c()(I Out 
Continuously From the 0 ns, and after describing dic cxpcctcd cncoded output Crom 
the design shown in Figure 6.8 (c), FIgUre 6.9 shows tile clicodcd data. collvcod Out. 
I Modulo operation finds the renAnder of Imfort of a number by b and can be expressed hý a inod h. 
XOR is a 'stricter' vervion of We (M4 gaw. Rater Wn allo" ing Te ompta w he I when cWwr me or 
both ofthc inputs are L an XOR gate hs a1 m4wl only "Ten ont me Qut is 1. 
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Figure 6.9: The behavioural test results from the first convolutional encoder 
The same input data is fed the interleaver which is described in Figure 6.9 (b). The 
interleaving process is follow the modulo fon-nula which described earlier to fill the 
interleaver output 16 bit register. This process is described in Figure 6.10. 
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115 1 
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61 21 13 
191 
51 11 12 
1 
91 41 () 
I 
Intcrlcv-out 
Figure 6.10: Describing the interleaving process 
According to interleaving process, Table 6.3 describes the expected interleaved output 
data. This result is shown in Figure 6.11. 
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Table 6.3: The expected interleaved output 
Data_in 1 0 0 1 0 1 0 0 0 0 0 0 0 0 
Interlevout 1 0 0 0 0 0 0 0 0 0 0 1 1 0 
9^ PH 0"43, *A tp J" F ýXdhix JC TDwe TC 2! ýj 9047 1+ 1ýý _Iriboý Ma 
I 
: 
ýýF 00.1ý j Z)RC& ýf2±_ 
Figure 6.11: The interleaver output data before the P/S process 
-9 
beý4 ýi 01: 56 
1 -Z e', 
In Figure 6.11 the input data is denoted by "s", while the interleaved data is denoted 
by "s2p-interlev". The achieved result from the design is exactly as the same as 
expected output shown in table 6.3. This result is clearly described in Figure 6.12 by 
monitoring the "interleav_out" port. 
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Figure 6.12: The interleaver output data 
The interleaved data is fed into the second convolutional encoder; the output from this 
process is denoted by "convcod_out" in Figure 6.13. 
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Figure 6.13: The output of the second convolutional encoder 
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For synchronisation purpose with the output from the second convolutional encoder, 
the output from the first convolutional encoder is delayed to be combined together 
and produce turbo encoded data. Figure 6.14 shows the result from the combination 
process to from turbo encoded data. The delayed output from the first convolutional 
encoder is defined by "pl", "pO" defines the output from the second convolutional 
encoder, and turbo encoded data is denoted by "s". 
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Figure 6.14: The output data from turbo encoder 
Consequently, the coded data is passed through a 16QAM modulation technique 
block. Designing the modulation block is shown in Figure 6.15. 
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Figure 6.15: Designing a 16QAM modulation technique 
Mp_real 
Mp_imaginary 
161 L-".. 
Chuptei ýi. x: Evaluation and Validation 
Eie Edt y.. pt. l. t lst Wýh Si. 4*- ýtd- H-* 
ý, 4 11 (p 
."St-t -t ýtý, 
-I AV 
't ýý d) (, A 
xxm F--oo ! -IF, -: -] 
Now: sowcesfol 970 1154 133 522 170ý ns 1990 ITC OAM 10766 ns 
ý)Ci syrn[2,01 3 
-Yý 
00 
-L--X 
3 J-J 
Q. 0,15k, 144 ýý(t sym[201 37 ý7 034 
zj 1 ýAclk nmLruuuLTLFTTuLFnuLnnfuLrunRnffuuLruu oKsplinlOOI 13 
-1 
aRtcln' 1 
IRenblink 1 
ý 
-, UmZe-rýcý-svtestv 
'j 
404 41 
Sm H-hy MoCewod w 
id 
gt. 2q- 
I [vj. 2p_akw_tc- -LI-- 4 
at 11-60 file n-C: /DeVl9n/my work/1-08-06_attý testing proce3S/TC_QAR/TC_QAR/=d_encocI simtes- 
Figure 6.16: The behavioural test of the 16QAM design 
Figure 6.16 shows the 16QAM modulation process of the achieved result from turbo 
encoder. Table 6.4 explain the results achieved in Figure 6.16. In this table the input 
data denoted by "tclink" and "i_sym and r_sym" denotes the imaginary and real parts 
of the modulator output. 
Table 6.4: The expected data from the 16QAM modulation block 
Itclink IIIIIIIIo 
Out ut 
rsm 
Ijs mb y 
Out 
_p 
000000 000011 
-y 
_put 
fý sym 03 
symb 00 
In Figure 6.5, the modulated data then is passed through an IFFT block to produce 
OFDM symbols. In this design the IFFT size is limited to 8 points for simplicity, 
since the idea behind the hardware design is to validate the achieved simulation 
results. 
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Figure 6.17 shows the design steps of the IFFT block, which will be applied to both of 
the real and imaginary parts of the modulated data. This design is based on the 
following equation 
N-1 (-j2; 7n'/, ) 
x(k) N 
YX(n) e (6.1) 
n=O 
where N is the total number of IFFT points, k 0, ..., N- 1, x(k) Is the k-th output data, 
and X(n) is the n-th input data. 
clk 
, Jata Irnag-Out 
00 [ 10 0] 
data-imag_in 
[7: 0] 
data-real-in 
[7 0] 
. ,-, . 111- t-- I.. II", 
- 
The design of the twiddle factors is described as follows in Table 6.5. 
Table 6.5: Designing the twiddle factors 
05 
0 25 
0,125 
00625 
0.03125 
0015625 
0,0078125 
--* 
XX XXXXXX 
+ve vxIoooooo 
x0.000000 (0) 0X0101101 (±0.707) 
wo-I W60 -I 
W21 
VOU =1 W22 = -1 
W47= I 
VP =I W23 = -j 
W04 -1 WA -I W44 I vv- -I 
VVIO5 WZ 1.14T W65 . 
VVI'l =I VVI26 Vv" - 
vvv -I VV" - -1 W47-_l W67 -1 
W W30 =I W50 VVIO =I 
W11 0.707+jO, 707 W31 -- 0 707+jO 707 Wsl -0.707-10.707 W71 -0 707-10 707 
WN =I W32 = _j 
w5j. I W73 - -j 
W13 = .0 7Q7+jO, 707 W33 -0 707+jO, 707 W2 -0 707-P 707 
Wff- 
.0 707-10 707 
I WR - W34.. j W11--i 
W15 = -0 707-10 707 W35 = 0,707-jO 707 
V5 =0 707+jO, 707 W75 = -0 707+10 707 7 
W16 =i W36 =, W56 - 
W"'6 =j 
J 
W17 W' - -0 707-jO, 707 
1 
W-7 - -0 7ý+ 0 707 1 W77 -0 707+10 707 
163 
Chapter Six: Evaluation and Validation 
Figure 6.18 shows the process of generating OFDM Symbols after the IFFT block. 
The input data generated from the 16QAM block (main); a parallel to parallel block 
denoted by "P21"' with a3 bits input and 8 bits output; and the real and imaginary 
parts of the OFDM symbol described by "Real OFDM symbol and Imaginary OFDM 
symbol". 
elk 
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Enable T 
(every 4 IFFr 
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Figure 6.18: Producing OFDM symbols 
The 16QAM block (main) shown in Figure 6.18 consists of' the following 
concatenation blocks, random number generator, turbo encoder and 16QAM 
modulation. 
The parallel to parallel process denoted by "P2P" block is described in Figure 6.19. 
The idea behind applying this block is to match output data from the 16QAM block 
which is in 3 bits width to the size of the IFFT block which is in 8 bits size. The input 
data is denoted by "pin", and "p_out" describes the output data. This block 
accommodates two 16QAM symbols in the first 6 bits while padded the rest two bits 
by zeros. Figure 6.20, shows the achieved real and imaginary parts of the OFDM 
symbols. The real part is defined by "OFDM_r", and "OFDM-i" denotes the 
imaginary part of the OFDM symbol. 
symbol 
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Figure 6.20: Producing the OFDM symbols after IFFT block, (a) describing the data of the 
imaginary part of the OFDM symbol, (b) describing the data of the real part of the OFDM 
symbol. 
At this stage from the designing process, the conventional OFDM technique is 
finished. Then, completing the transmitter block diagram, which is shown in Figure 
6,5, is attained by designing the NTRPT block. Figure 6.20 shows the procedure of 
design the proposed technique, NTRPT. 
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Figure 6.2 1: Describing the proposed technique 
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Figure 6.21 consists of a 16QAM-IFFT block; parallel to serial block denoted by 
"P2S"; turbo encoder blocks used for spreading purposes denoted by "r_TC_block" 
and "i_TC_block" for both of the real and imaginary parts respectively; and a parallel 
to parallel block described by "P2P", which form the 16 bits input data into 72 bits 
output data. 
The 16QAM-IFFT block is described earlier in Figure 6.18 and turbo encoder blocks 
are as designed in Figure 6.8. The idea behind using "P2P" block (16 bits-to-72 bits) 
is to form the spread data in order to search for the best data to be sent instead of the 
conventional OFDM symbol as described in Chapter 4. 
NTRPT 
.. Ioj 
02: 32 
In Figure 6.22 the real part of the spread OFDM symbol Is denoted by "OFDM rr", 
while the imaginary part is defined by "OFDM_ii". This data arc passed through the 
"P2P" (16-to-72) to produce the "OFDM_rr (from 0-8) and OFDM-11 (from 0-8)", 
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which they are described in Figures 6.23 and 6.24; and denote the result of the 
processed real and imaginary parts of OFDM symbols. 
Fk EW 
7 
ftbCCk 1G 16 
p_ _- 
-LOJ X 
-- 1-: t 1, .1 FW- 711, - ----i 
Now: 
111503 ns 1500 n 188B 227 'n 2664 305f 3440 
jAr tcspred d1 F-I Q 
- D: r_o0eg(1501 12997F- 0 10938 X 5197@ýLue 
Mr_outreg( 01 
10 r-outregl 0 
routregi I 
routreg 11 j0roýregj 0 
M, 
-Uutregl 
0 
-tr. gl9l 
M, 
- 
outragl8l 0 ----F 
----------- 
r-DutregM I 
10 routregl6l 1 
In r-outTeg[51 o 
jAr-OUIregl4l a 
Mr-tr. op) o 
Mro. trý9121 1 
10 r-outreg(l Io 
M. r outreal0l I 
ýXOFDM-. 0 [7 01 
ý5K0FDM-. l 17 01 
a(OFDH-. 2 (7 01 
-. 
4[7 0) 0 -XDFDM 
ýKUDM-9517 01 
&(CFDM-. 617 01 
&(GFDM-. 7 17 01 
a(OFDM-. 9 [l 01 
,X OF D. -ü 
(1 01 
, DX, OFD. -l 
17 01 
S. H-N 
un il 
2E- AFMýFi- ESnCmsole 
Figure 6.23 (a) 
F. 41 Edt Vý ýojýt ýrce ý-Ss Týt B-h 
tI, 0 ýlj Id' 2 
(9 
7. C7 14 p- -1 " 
- I) 
if' 1-16ý 
<ixüFDM_, dj [7 
0] 
-1(7 
01 
JOFDM-, 2 (7 0) 
--NCGFDM G -, 
0 [7 01 
ýCOFDM--4 [7 01 
"KOFDM j6 [7 0) 
0 -XOFDM -. 
ß(701 
4 -KOFDM . 7[701 
, DCGFDNt-,. 8 [? 01 
ý; (OFDKI-0 [7 0) 
'XOFDM 0 11701 
.11 
Now: 
1115wnz 
IR, lk 
1 
,. ýXOFDM-ýü(7 0) so 
IROFOW-110[7) 0 
,. ýROFDW-rr0161 0 
ý)8 OF DM_rfOl51 1 
10 OF DM-, 10[41 1 
12 OF DM-0131 0 
IROFDM-Ilü121 0 
jýR 0F OM_, Oil 11 
ýAOFDM-0[01 0 
0 -XnFDM 
_ýI 
17 01 101 
- a( OFDM_2(7 01 203 
- D( OFDM-ý3[7 01 150 
xbXOFC)M_rr4[7 01 44 
DXOFDM_, r517 01 88 
ý>XOFDM_tr6(7 01 117 
S.. A- 
-i ,, 
>- *M m -. 
es 
lst-ý IM 'k #P 14 0 It' 40 Z' a4 ty 4v4P0 W* 05: 36 
W. 
. 
4C: %D.. gn. , (! 
D6. W- dj PýYh-' M 
Figure 6.23 (b) 
Figure 6.23: Describing the processed real part from NTRPT technique, (a) changing the data 
format from serial to parallel, (b) describing the contents of the OFDM-rrO 
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Figure 6.24: Describing the processed imaginary part from NTR PT technique, (a) changing the 
data format from serial to parallel, (b) describing the contents of the OFDM_iiO 
The achieved results from the behavioural test either from conventional OFDM data 
or from NTRPT technique are taken to be processed by a MATLAB to be compared 
with the simulator. This comparison is described in the following subsection. 
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6.2.3. Results Analysis 
During the compilation and synthesis process, the ISE toolchain generates a report 
showing device utilisation. Once the system was implemented in Verilog HDL this 
report was used to determine the overall size and structure of the FPGA device 
required to implement this technique. The full implementation was found to fit 
comfortably in a Xilinx XC2SI50 part, one of the Spartan 2E series. The utilisation 
report indicated that approximately 64% of the device was used. 
During the testing, 100 OFDM symbols were used from the behavioural test to be 
processed and checking the efficiency of the proposed technique. The data has been 
used as an input data to the NTRPT. The average of the PAPR reduction ratio 
between the conventional and processed OFDM symbols is used in drawing the 
CCDF plots. Figures 6.25 and 6.26 show the CCDF plots for the real and imaginary 
parts of the OFDM symbols respectively. 
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Figure 6.26: The CCDF plots for the simulation and the hardware designs for the imaginary 
OFDM symbols 
These two figures are divided into two parts; CCDF plots according to the 
behavioural test of the hardware and the plots for the achieved results from the 
MATLAB simulation. Figure 6.25 describes the results from the real part of the 
OFDM symbols, while the plots of the imaginary part are shown in Figure 6.26. 
From these two figures, the results for both of the behavioural test of the hardwarc 
and the achieved from the simulation are the same and lie in the same range. 
6.4Discussion 
In this chapter, NTRPT is validated by two different methods; the VSA signal 
generator and the behavloural test of a hardware design. 
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Validation by Agilent technology is achieved since the MATLAB modulated signal 
was directly analysed by the VSA and then compared to the signal generated using the 
toolkit for 802.11 WLAN. After that the CCDF values were calculated and plotted for 
both of them as shown in Figures 6.1-6.4. From these figures, both of achieved results 
from VSA technology and the simulated results were found in the same regions, thus, 
the simulation results were validated. 
To increase the confidence in the simulation results, the Xilinx technology could be 
used for hardware implementation. The Xilinx technology offers an ISE simulator and 
FPGA cards to build your own design. Starting from this point, the proposed 
technique is divided into subblocks. Each of which is built from its basics as shown in 
Figures 6.5-6.24. After designing these subblocks, HDL language is used to 
implement these subblocks. Due to some limitations in time the results is taken from 
the behavioural test of the design. These results are used to plot the CCDF graphs as 
shown in Figures 6.25 and 6.26. 
During the compilation and synthesis process, the ISE toolchain generates a report 
showing device utilisation. Once the system was implemented in Verilog HDL this 
report was used to determine the overall size and structure of the FPGA device 
required to implement this technique. The full implementation was found to fit 
comfortably in a Xilinx XC2SI50 part, one of the Spartan 2E series. The utilisation 
report indicated that approximately 64% of the device was used. The Spartan 2E 
series is a mature, readily available low cost family, showing clearly that the 
technique can be implemented using low-cost hardware. It is possible to reduce 
device utilisation still ftirther. In the implementation used during this research, the 
IFFT block was implemented directly from the flow-graph to expedite development. 
If necessary, better, space-efficient FPGA implementations of the FFT and IFFT arc 
available and could be used. 
From the above achievements, the simulation results were validated from both of the 
achieved results by the Agilent and the Xilinx technologies. 
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Case Studies 
7JIntroduction 
This chapter will describe the NTRPT for a MIMO-OFDM system from the 
application's point of view. NTRPT has already been applied to reduce the PAPR of a 
MIMO-OFDM system in Chapter 5, and the conclusion was reached that this 
technique can support different types of modulation and coding techniques, as well as 
offering better PAPR reduction than the conventional techniques currently proposed, 
such as clipping and PTS techniques. 
This chapter is divided into two main parts; firstly, the NTRPT for a MIMO-OFDM- 
based Digital Video Broadeasting-Handheld (DVB-11) is applied, and secondly, it is 
applied to the IEEE 802.1 In WLAN system. Applying OFDM systems with MIMO 
technology to these applications will guarantee the very good quality of both of the 
data and video streams, since these systems show great promising in the area of 
supporting high data rate transmissions. 
Section 7.1 of this chapter gives a brief overview of DVB-H, Section 7.2 will give one 
of the WLAN IEEE 802.1 In, the simulation results will be discussed in Section 7.3, 
and Section 7.4 will conclude this chapter. 
7.1.1 Pigital Video Broadcast! ng-Handheld 
The DVB Project started research work into the possibility of mobile reception of 
DVB-T signals as early as 1998, accompanying the introduction of commercial 
terrestrial digital TV services in Europe. DVB-T shows sufficient flexibility to permit 
mobile broadcast services. Thus, in early 2002, the DVB community was asked to 
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provide technical specifications to allow delivery of rich multimedia contents to 
handheld terminals, a property that was missing in the original DVB-T. This would 
make it possible to receive TV-type services in a small, handheld device like a mobile 
phone. This approach requires specific features from the transmission system serving 
such devices which in turn increases battery usage duration, maintains access to 
services when receivers leave a given transmission cell and enter a new one, and 
mitigates of the effect of multipath channels, as well as offering sufficient flexibility 
and scalability to allow the reception of the services at various speeds while 
optimising transmitter coverage. The work to define such a system within the DVB 
Project started in the beginning of the year 2002 by defining a set of commercial 
requirements for a system supporting handheld devices. The technical work then led 
to a system called DVB-H, which was published as European Telecommunications 
Standards Institute (ETSI) Standard EN 302 304 in November 2004 [107]. 
The DVB-H system is defined based on the existing DVB-T standard for fixed and in- 
car reception of digital TV. The main additional element in the physical layer is the 
adopted OFDM for the 4k mode. Also, DVB-H can use all modulation formats, 
QPSK, 16QAM, and 64QAM with non-hierarchical or hierarchical modes, a capacity 
which gives additional flexibility for network design. Table 7.1 describes the different 
options of the DVB-H physical layer parameters [10 8]. 
Table 7.1: The options of the DVB-H physical layer parameters. 
Parameter 
Channel Bandwidth (MHz) 5,6,7 and 8 
FFT sizes 8k, 4k and 2k 
Active carriers 68172 3409 and 1705 
Number of data carriers 6048,3024 and 1512 
Carrier Spacing (Hz) 1116,223 2 and 4464 
Guard Intervals 224,112,56,28,14 and 7 
Modulation QPSK, 16-QAM and 64-QAM 
Convolutional code rates 1/29 2/3,3/4,5/6 and 7/8 
7.1.2 Wireless LAN - IEEE 802.11 n 
The rapidly growing demand for mobile communication and computing has led to 
intensified interest in increasing the system data rate. Thus, the IEEE announced in 
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January 2004-that it had formed a new Task Group (TGn) to investigate an new 
amendment to the WLAN IEEE802.11 standard. 
Compared to the previous standards-based 802.11 a and 802.11 g, which support a 
throughput up to 54 Mbps, the real potential throughput of this amendment is to reach 
540 Mbps, which may lead to a new physical layer structure. That means that it 
should be up to 100 times faster than 802.1 lb, as well as offering 802.1 In a better 
operating distance than current networks. 
As was mentioned in Chapter 2, MIMO technology uses spatial multiplexing 
increases data throughput, while exploiting spatial diversity to increase the overall 
range. Due to these advantages, 802.11n builds upon previous standards by adding 
MIMO technology. 
According to 
, 
the IEEE 802.11 Working Group Project Timelines, the 802.11n 
standard is not due for final approval until July 2007 [109]. 
7.2Simulation Results 
in order to verify the mathematically derived result in Chapter 4, a MATLAB 
simulation program was developed for a uniformly distributed, randomly generated 
data sequence. Table 7.2 suffimarises the simulation parameters: 
Table 7.2: The simulation parameters 
The simulation Parameters 
DVB-H IEEE 802.1 In 
Channel coding 
techniques 
Convolutional encoder Turbo encoder 
Channel coding rate(s) 1/2 1/2 and 1/3 
IFFT sizes 4k 64 
Modulation QPSK, 16-QAM and 64-QAM BPSK, QPSK, 16-QAM and 64-QAM- 
Spreading rates 2 and 3 2 and 3 
MIMO encoder STBC and V-BLAST STBC and V-BLAST 
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7.2.1 NTRPT for a MIMO-OFDM-based DVB-H 
Table 7.3 surnmarises the simulation results for applying NTRPT to a MIMO-()FI)M- 
based DVB-H. As shown from Table 7.2, different modulation techniques, spreading 
rates and MI MO encoders are used. 
From Table 7.3, it can be seen that the proposed technique maintains a wry good 
PAPR reduction ratio despite using different modulation techniques, MIMO encoders 
and spreading rates. 
Moreover, it shows a slight improvement in the PAPR rcduction ratios as a 
consequence of using different spreading rates. Tile improvcment of the reduction 
ratio ofthe PAPR reaches 93.7 '/o and 81.2 % when the spreading rate cqUals 3 and 2 
respcctively. 
Table 7.3: Applýing the NTRPT to a MINIO-01AMI-hased DN'B-ll 
PAPR 
after The 
PAPR 
applying reduction 
before 'I'lic 
Modulation MIMO NTR PIT ratio 
applying imprownicilt 
tech. encoding (dB) 
NTRPT 
Spreading Spreading 
(dB) 
rate rate 
2 
- 
3 
- 
2 
- 
3 
STBC 12.5 6.3 5. 6 6 49. 5 5.2ý 5.6 
QPSK V- 
12.6 -). g 2.5 77 SO 3 
BLAST 
STBC 11.2 2.1 1.7 81.2 93.7 12.5 
16QAM V- 
12.6 2.7 2.4 79.5 81 2.5 
BLAST 
STBC 11.3 3.4 3 70 73.5 
. 
1.5 
64QAM V- 
13.7 4.1 3.8 70 72.2 1 
BLAST 
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7.2.2 NTRPT for a MIMO-OFDM-based IEEE 802.11 
Table 7.4 suminarises the simulation results when applying NTRPT to a MIMO- 
OFDM-based IEEE 802.1 In. This table shows that the NTRPT gives signil- icant 
results even with different MIMO-OFDM systern structures. 
Table7.4: Applying the NTRPT to a MUNIO-OFI)NI-based IEEF 802.1 In 
PAPR PAPR after The 
before the NTRPT reduction 
The 
Modulation Coding MIMO applying (dB) rat Io (%) 
improvement 
tech. rate encoding the Spreading Spreading 
0 
NTRPT rate rate 
( 0 
(dB) 2 3 2 3 
STBC 12.264 2.32 1.41 81.1 88.5 7.4 
1/2 
BPSK 
I 
V-BLAST 12.851 2.42 1.06 8 1.2 91.7 10.5 
STBC 10.366 2.29 1.51 77.9 XýA 7.5 
1/3 
V-BLAST 13.994 1.62 1.22 88.4 
fl 
91.3 2.9 
STBC 10.394 2.09 1.87 7 () 82 2.1 
1/2 
V-13LAST 14.397 2.57 2.11 82.1 X 5.3, 3.2 
QPSK 
STBC 11.252 3.42 3.21 69. 71.4 0.6 
1/3 
V-BLAST 12.824 54 01 8 )2.1 4.1 
STBC 8.307 1.07 0.62) 87.1 1) 5.4 
1/2 T 
V-BLAST 10.601 1-55 1 85.4 89.3 -3 9 16QAM STBC 11.610 1.42 1.26 X 7.,, ', ' 8 1). 1 1.3 
1/3 
V-BLAST 11.980 1.4 1- 1.2 -- 1 F. -, 
88 - 90 1.9 
STBC 9.517 1.12 0.92 88.2 90. 
ý; 
-). I 
1/2 
V-BLAST 11.728 1.74 1. -11 85.2' ý87,8 2,6 
64QAM -- STBC 13.180 2.1 1.19 84.1 1 5.9 
1/3 
V-BLAST 13.013 1.97 1.74 X4. ) 6 1.7 
The PAPR reduction ratios for using STBC as a MIMO CIICO(Icl- ýarlcs betwecii 75.0 
"/o and 85.2 %, and between 73.4 % and 84 "/o when using coding rates 112 and 1,3 
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respectively. Using V-BLAST as a MIMO encoder, the achieved ratios vary between 
78.5 % and 86.4 % and between 83.6 % and 86.7 % for using coding rates 1/2 and 1/3 
respectively. The results shown in Tables 7.3 and 7.4 lead to the conclusion that 
NTRPT is suitable for implementation in the two different systems of DVB-H and 
IEEE 802.1 In. 
Increasing the NTRPT spreading rate will give a slight improvement in PAPR 
reduction ratios. Thus, the spreading rate which is equal to 2 is enough for the above 
improvement. 
7.3Summary 
In this chapter, the proposed technique was applied to two conventional MIMO- 
OFDM systems. From the simulation results shown in Table 7.3 and Table 7.4, it can 
be concluded that NTRPT gives significant PAPR reduction ratios despite using 
different MIMO-OFDM systems' structures. Thus, NTRPT could be used in 
furtherance of the main aim of this thesis, which is the improvement of the QoS of 
Beyond 3G systems in terms of supporting the high quality multimedia applications. 
178 
Chapter Eight. Conclusions and Future work 
Chapter Eight 
S. Conclusions and Future work 
The design choice of communication system is largely constrained by the 
communication channel used. Due to the constructive and destructive combination of 
the multipath signals during the channel, the received signal can strongly vary as a 
function of time, frequency and location. The frequency selectivity of channel can be 
mitigated by OFDM, which essentially splits a wideband frequency selective fading 
channel into multiple orthogonal narrowband flat fading channels. This process will 
reduce the equalisation complexity. Together with the robustness and data rate 
enhancement of MIMO in rich-scattering environments, MIMO-OFDM is seen as a 
very promising solution for the next generation. 
In the next section the research findings arc discussed, Section 8.2 describes the 
research contribution, while the future work is recommended in Section 8.3. 
8. Mesearch Findings 
9A MIMO capacity formula-based on the correlation coefficient matrices has 
been proposed. Depending on this formula, a MIMO channel model was proposed 
in order to detail the effect of the channel parameters on the system performance. 
The main features of this model are: 
i. As shown in Chapter 3, the achieved capacity formula is divided into two 
parts: the capacity of parallel independent subchannels and the correlation 
between the subchannels. 
ii. From the proposed model, MOM, the determinant of the correlation matrices is 
upper-bounded by I and lower bounded by 0. Thus, any changes in its 
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determinant will vary the MIMO channel capacity between its maximum and 
minimum values. This was shown in Chapter 3. 
9A novel technique based on linear coding techniques, NTRPT, which is 
intended to reduce the PAPR problem, has been proposed for MIMO-OFDM 
systems. This technique significantly reduces the large values of PAPR 
compared to the reduction achieved by conventional techniques. A mathematical 
model simulation and practical validation were performed to validate this 
technique. As a result, from the mathematical model and the simulation results, 
the following potential qualities of NTRPT can be established: 
i. There is no data loss due to the use of NTRPT to combat PAPR. It also reduces 
the added complexity formula to the first order. Chapter 4 presents this 
achievement. 
ii. With reference to Chapter 5, NTRPT gives significant PAPR reduction ratios 
despite using different MIMO-OFDM systems' structures. Thus, it can be used 
for adaptive MIMO-OFDM systems. 
iii. In order to interact with real systems, the proposed technique was implemented 
in a Xilinx FPGA card to provide the ability to interact with real system. 
Detailed information is given in Chapter 6. 
iv. it is strongly recommended that the turbo encoder is used as a spreading 
technique in NTRPT, due to its better ability to combat PAPR than 
convolutional encoders. 
e The NTRPT is validated by two different methods; the VSA signal generator 
and the behavioural test of a hardware design. Validation by Agilcnt technology is 
achieved since the MATLAB modulated signal was loaded to be analysed by the 
VSA and then compared to the signal generated using the toolkit for 802.11 WLAN. 
After that the CCDF values were calculated and plotted for both of them. By making 
use of the Xilinx technology, the CCDF plots of behavioural test results are used to 
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be compared with simulation results. From both of the achieved results by the 
Agilent and the Xilinx technologies, the simulation results of the proposed technique 
are validated. Moreover, the proposed technique is feasible to be applied to real time 
systems. 
0 After validating the proposed technique, it has been applied into two different 
case studies, a WLAN IEEE 802.1 In and DVB-H. From the simulation results, it 
can be concluded that the NTRPT gives significant PAPR reduction ratios despite of 
using different MIMO-OFDM systems' structures. Then, it could be used to 
improve the QoS of Beyond 3G systems. 
8.2Research Contrihutions 
This work's contribution to knowledge consists firstly of the proposition of a MIMO 
channel model based on the derived MIMO channel capacity formula. This model 
shows the effect of the coffelation coefficients on the system performance, and 
especially system capacity. Secondly, it describes the proposed model of a novel 
technique to reduce the effect of PAPR on MIMO-OFDM systems. This technique 
has advantages over conventional techniques, such as the significant reduction ratios 
of PAPR and the tackling of the PAPR problem without data loss or an increase of 
overall system complexity. 
With the success of proposing both NTRPT (novel technique to reduce the PAPR 
problem of MIMO-OFDM systems) and MOM (a MIMO channel to cover all cases 
from the effect of the correlation coefficients on the MIMO capacity), it is reasonable 
to conclude that the aim and objectives set forth at the start of this work have been 
fulfilled. 
8.3Future work 
The greater success of the proposed technique over conventional techniques direction 
leads to the following suggestions for further research. 
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It is highly recommended that future work investigate using other types of either 
linear or nonlinear coding techniques in NTRPT is considerable. As an example the 
Low Density Parity Check (LDPC) codes could be used and the achieved results 
could be compared to what was achieved from using linear encoders. Furthermore, a 
set of nonlinear encoders could be used to check the capability of PAPR reduction 
based on nonlinear encoders and the results compared with these from the linear 
encoder. 
The channel model, MOM, could be modified to cover the effect of other channel 
parameters on the overall MIMO-OFDM systems. In addition, some of the nonlinear 
detection techniques, such as the Maximum Likelihood Detection technique could be 
investigated. 
In this work, the open-loop MIMO-OFDM scheme is used. For particular 
environments closed-loop scheme might be feasible and beneficial. Hence, it might be 
good to list and define a number of closed-loop schemes and evaluate their 
performance and compare it with those of the open-loop counterparts. 
Search for an efficient mathematical algorithm that allow for low-cost hardware of the 
NTRPT-MIMO-OFDM implementation. 
It would be useful to include other SDM receiver algorithms such as MLD and ZF 
with Successive Interference Cancellation (SIC) besides, finding an upper bound of 
the error rate performance. 
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MathematiculAppendk 
A. 1 Kronecker Product Identities 
In this subsection, a proof will be given for the theorem that for any MxN matrix A, 
NxP matrix B, and PxQ matrix C (D. Harville, 1997), 
vec(ABC) = (CT OA)vec(B), (A.! ) 
where 0 denotes the Kronecker product and vec(. ) stands for the vector operation, in 
which a vector is formed from respective matrix by stacking its columns under each 
other. To prove (A. 1), we need a number of statements. Firstly note that, under the 
assumption that A, B, C, and D have the right dimensions, 
(AB) O(CD) = (AOC) (BOD) (A. 2) 
which is simple but tedious to show. Secondly, vcc(A+B) = vcc(A)+ vcc(B) and 
finally, if a and b arc vectors, then vec(ba T) =a0b, both of which arc obvious. 
Now, (A. 1) is proved as follows. B can be expressed as 
pT 
Ep UP 
P=l 
(A. 3) 
where bp is column p of B and up is column p of the identity matrix. Using this 
property and after changing the order of the 'vec'-operation and the sum, we can 
rewrite (A. 1) as 
vee(ABC) = vec A 2: buTcZ vec (Ab uT C) (A. 4) 
ppp 
l=P 
pp 
because both Ab. and CT u, are vectors, 
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Y- vec (Ab u TC)= S(CTU P) 0 (Ab p) pp 
pp 
I(C T OA)(up Obp) 
p 
To finish the proof, just reverse the previous steps, like: 
j: (CT (DA)(up Obp)= (CT OA)vec Yb uT 
R 
(P 
pp 
(CT OA)vec(B) 
(A. 5) 
(A. 6) 
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jjocýk, -, t-e. --F'G. A-, vol; : i., "ciriat, *aily 3c:,, *ss lhe 
RClt. i cr c. orfj[jLjr37jc-ri data f.,., n-iW shunN- 
Power Supplies 
-lie D2-F- t-.: a-d ý, rseE hv: LMS-17 ý. %: 
iugplyk-r-hE 
Sc. zrzr 2E c*re and 3 "*,. Ir-, --. supp-1, 
PC mg. Ek: "ýý reguia., orsr3ve gooz, 
tapaci--. a -ce. a Ic-. %v -. -,; therr Ic: minivy . -p Io 
:: c: %w., can e ! iupv'*:: frcr -, ýcw- 
ms7. wa tmnsbrr-er sort. - y. -lie c-rerna; 
supply -ntm- tjs-. a 2. 'n*t,, i :, erýer-corsivve 
mnnc-. tc)r and i- n-t..!. t behve4m 11,561DC 
arc: 12_V_DC -of inregulated vDýage. 
-lie D-%T7 ises a f,.:,.. r ýzfyei ý',:: ý %v di -r, e 
irrer ITvter! i .: i. L,, czred -o VCk' . anv GNý_- 
p ares. M os- of the V CC ,- ane sr 
zr icsýand mder-he FVGA x. I F,. ' T-. _: m FIGA xc: ihe crhe, I Cs oý- the., <-,. -4rd 3 1- -we 
, 1.347tiF tvpns capav-D-s nse 3s 
jxýS. SA; ie -0 each p 
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Tota; ý^: urre-: is depen=7 cn FPC-A. 
:: onfiguratcn. -, Ic: c., ( -rec. -ency. anc., ererraJ 
: cmý*. -t ons. In -est circrs , Mth tc,.; ghly 5,7LIK 
a "AH:: c l. 15 cck source. and a 
sinple e%pinc-ijai r<, ard ite D105 
3CO"', ri ý-: ardj,. app-, xirlately 200riA +., - ,, 
F. urri--- !s draem frnr-. -he 1.1 Suppy 
3"d -n:. le. jy 2" ,, 'i-nA C- ftl"o is dr-aan 
tom lhe 3W supply T--Ese c. -., Tent-, are 
st-cngly -dent Dn F PGA and tv. -pheral 
.: card onfigur. -. 1ions 
A FIGA Cl, sqjrG s use the VCI"C, ' vo, Lige 
c:. Evw, ftx. -n-i t-e 3.3V s., vply. If other VC: CC) 
voltz-4ges are requre4., -. 1le regi avir output 
2 amora ? V, to ,... E modified ny ch, -. -gng Rl- 
1.2) f; ý. 14 R' 12 R 11 J. 
Refer lo ý* LV? 17 das sheet arKi 02wýT 
sceienwic for 'urliet inkmixion. 
The p-mces a ! -, CMHz SMC primary 2 
c, sull, mr arc. a scckel fv a se-cond osci rw. 
The prii-rari ossscil aictr is. conneczed to the 
" -I - -u" I -ir - -E (F .. of the Sr.,, a -ir, 9811, anc the 
seccindaq( -. ýsuilatcr is conn. --. 1ed -, v GC: LK3 :, pn CS i. Borh c: iwk inp,., i! i c; an dnv;., ifie DLL 
or the r: 'c., mta- M. abciv -g k: r 
teque--45 .,. ý 1c: -Four - -nes - Oer -han tne external C'iD-: k 5ignatci Any S. 3V ccscillatcr na 
O-Eize D ý: packarge um be <>adecl inlo týe 
wocmdary 3sallatc. - EccKet 
Pushbutton and LED 
A c-4ngle puvitu-lon and LIED ate prmded cn 
, he t: c: artl allcoing msic stAm and conb-d ftjnc: ý7-s *. 3 bel; n-perr~, wftt4r .3 
... -jrpheralboar, J. L. S, exampkcs, the ý, -=D cart 
,: + o4l-nina*cl 'rxn a signal in 1he FPGA ýo 
. oe. rfy t-a. - c*-, -%jtrwiort has b-K- suc; c*s--, ftjl. 
a, -d itte Njs"n.,, tc. n ý:: ar, be usec to wmice. a 
basic eset inclewdent of c)mt*r 
rputs. 7he circuits are shorm n Figute 3. 
, o,! J 
7K In -'E 
x 
F IWO 3. LED gild PUSMI. Ilton Circu I 
E"nsion Co^. nectors 
-lie six =xp: rsior cs. 7 -neaxs 3 -, eled AI -A2, 
P -2-2 aný C*. '----' us-i N20 rght-angle 
Nea,. *rs vo-h'. -IiI %. Pxinp. L. s; x 
connectcos havt GNC : )r pir 1. 'v'U : )- *- 2. 
, *nc: -s 4-335 mute Ln Fli. 
siignaI5, a pins W', -4C 3-e, --s-erved -ýD, .. 'A! -- -ra'ar ccc S, e. e4 -k sigra-s. .ý 
-he exp-sio- lie: e:. Es pf owoe 
conneac-s. ; -a flie 3. partan has 
"" ý,, a vaikib I Cr 'C- S -:, -, 3'S, -ý --, c-n-, c- FA 
E-ignais 3,, E t, -. rcre one me=i. 
lie Ic: %v. E., 16 pins :. -ý -s 4-2' 1 of tfie A. 'anc E! 1 
connectc-s we corrected ! iar e '- S 
FPGA pins ant] -hvy . 3re as the 
! iysaeni bus' :3 ori, -:., e chip se zim ! ign. -, s 
r, k,, -. ed to eadi :: qher thes.: -; 
IS 
shared s-pals.. all iE -nz, - -g FPC. A s- . --inals we 
ror,. -ed tc ir;, nvidoa e-. gans c: ri 
pc-, ibanscs. 
-he lc: v*--,, 15 pins Y iýte A2, K. 3nd C2 'I 
xnne-, tcn are ces zýs ', zirphera .1-- tý.; s. ses-. md ea&- of lhesA- boss, is (na-ed 
PA. PS, and : Y.::, use. *2 o- e. -: uc-. sig- i-i E. -he 
uppe- pirrs ci eav- ew. pans: cn : D-; -victc f 
ýP rs -'5,; 
have. t,.:, En is -,., c du i 
tý, %ses'. ;: ac- ccrinecr. or 3 f.,. ýy pop, --e: ý 
module bus lrajrteý: tJA 1. NOA2. WD 1. KIK", 
MC * and MI'2 i. 
Syslem Bus 
exparision bcards Mat mirr c: B 3 sýn-, -o 
mic. -cpromssor tus. !t o5es. e, y- 00 
six ! -is, a ; Nve--Enable -, zz 
ftl can ti ined by t-c-, P* - Oeral latcý 
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vori-e- dMa. an cut. nx-e-able : Cz I %trcbe -ýý, m 
:: an be se,, I by the -,, edphera t,.:, erave -i, w 
c, 3,; a, a crip select. zinc a dcc:, ý: o enable 
sy-&-c-cus transiers Systerr bLr, Irrings 
-an be to ccnf gure -he lower '1 pins d 
-he A 1,61, a1 cortr*ýýIcrs ithe cAw 18 
mite CxDk 
cs 
OE 
WE 
DE*-DB7 
Read C, )mk 
OE 
WE 
DSO-DB7 
prs c' Al and 91 shws t-- Sarz gins', 
he dagra"s býýior. --. t sýtw. - s p-3 I n) -.:; s 
ass... mecj by Diij,: c-m -. o crzi, 3"e perucoýi, --, devices. -4ooje,, x-r iny t,.. s anc -i-; ng s 
t; an be . -sed 
by -cclifynp cýrc-.. -s r. t-e FPC-4ý. 
r- _rC at. v.: I)el perive'al --vý: es 
Figure 4. Sy&t*M Bus Timing 
Table I EdA 71MO)g 
svmbol Pirancler 7: Te ttvp) 
IEa re tas ed M 1, 
no .1 Uni. 
ttj:; e TIr - (I SIt-e 3? ýzr CE ce-amie-10 011!, 
Lc-:: e _ TIr, + artef ' OE am, E 7iýl 
tw ifte is 
S. 'I I :: aiz EA. tu.: me. ýrl 
I ito I #'If -- (I v4t e lirre I : r, s 
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virs Ic r5, -rs --rs 4 
MA2041 
SFN-. ýqan 2E PBIISj 
-T 2E1.9 
qI :wý L" 
Od 
rs .3 prs 
4 prs 
C2 
Flguro5 E"M"wConn9ct(wSlgnaflRoLAJng 
F, L ýIJ 
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Figure 0. ExWnslm Connect(w Pin Locatlore 
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Table2 D2-FTExpansOliConnento! PInout 
Al A2 B1 62 (A 1Z 2 
poll - FPCA 
pi. Sk! "NA 
I FPOA 
F% Sjplo 
I FPGA 
pi. 
FROA 
MIN 
FKA 
Pill SN 
FFCA. 
-jý A, ýD GNZ: GN C Y. J:: 
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PAC I N 
C 4ý is PA C c 1: k: =" MA i Cc zo c I: -- E 
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!, E 14 PA CI CI E 1.4ij =Ejcl-ý C 'A, EE Is 
1- 
:: =- 14 *E I PA C 14 c 
C=JýC " T- 'I c --Vf 
f 
ý, J: - 
1! ' ==. i: is OE E 
"c:. - c 1: 
--A PA C S ::: E- 
c 
2' .: SCIO. F"i; MAC ! - 
I Pl, M: ilc ýE 7 7 F, 7f ... '. "k. .f " 1: : E- 
-JA I ME 7-1 4Ei .: 
Ej: 1 'Ji- V=-= _. __C 
P, 4c 
.4 4 
E 46" Ej, M_: -.. F PC V. c 
c; vm=, F. ý i . 4E"r-E,: ' W, NE 31. ' 11:: F: C i. - E- 
21 'J AI ',, A:: '-) E I -, EODEOý R, -1 YEE C. C 
c C;. is. I E, "-: E" P1 I YM: E-A P` K,:, =-A 
2- E! S A -. 1 vý, k::: * - C., I . 4E-'! _: E'f_, -1, YF.:: S Rs c: i: -=: Ic 
CýýC. C., C v Ci. I 
k. iE; ':: E'-, 'J 1 M. C 
'-A C Ef E":: "'A=G ;4 k. 4E,, r: E; - F! '"; :, B-, 1.04 _c _c 
.;. ý ýJA* 
A ý'. 7E' EQ wIE 
k. s ei ,, -_ -r P,:: F. ý oc: "1 . 
4,: :, Az; - L :- 
'JA A 7E. kAEi'Z:,; 7 -1:: 7-"- R4 Ac 
A AIR L -. 
%:; I AE, ' NR7 j41 
ýý 
70 NS Ac 
10A ýt'AVT EI " AE, '%%*. Ik- R'-' 'T- ic E- 
, i-, 4 . ý. AL r;:: - r;, , . I P11 M.; jc: Z'-- ýI . ": :z-.. - El- 
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Table 3. D2-FT FPGA Pln Assignmenis 
AT -ST C 
C F 0 1 Oc L. M r4 
lp 
p 
I ONO -1m 3 
PC- F-k-'- R: Fl- WC i Wel I hot, _' ;: c Ff, VF. W -^ý 40 f3lo CA CAý Rs- AS71; D64 Dall Dpl" NEI rA; rF . I" 
2: Ick 010 
P-". - Fk--- K'- K- wl- 
' _ 
WA: i- W-1 
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=:, ;: I-, =: C; - I ONO V, 
1,3 -, IQ I 
C4 01 erl 1 I ME. Do : LK 17: ýS I 
DEL 
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